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INTRODUCTION 

Lung  cancer  is  a  devastating  worldwide  public  health  hazard,  with  a  total  of  1,500,000  new 
cases  anticipated  in  the  year  2000  (1).  Advances  in  the  surgery,  radiation  therapy,  and 
chemotherapy  of  non-small  cell  lung  cancer  have  led  to  an  improvement  in  five-year  survival 
from  7%  in  1970  to  15.8%  IN  1994  (2),  To  reduce  lung  cancer  incidence  and  mortality,  it  is 
imperative  to  develop  effective  therapeutic  and  preventive  strategies  targeting  smokers  and  lung 
cancer  patients.  Our  long-term  objectives  are  to  define  the  molecular  processes  contributing  to 
lung  cancer  development  and  progression  in  order  to  recognize  genetic  and  phenotypic 
changes  early  enough  to  be  reversed  with  molecularly-targeted  therapy  and  to  develop 
innovative  therapeutic  approaches  to  lung  cancer.  The  objectives  can  be  met  only  by 
understanding  the  biology  of  lung  cancer  through  molecular  studies  and  preeiinical  experimental 
molecular  therapeutic  research.  Therefore,  the  specific  goals  of  this  program  are  to  understand 
molecular  alterations  in  lung  cancer,  develop  lung  cancer  prevention  strategies,  and  implement 
experimental  molecular  approaches  to  lung  cancer. 


PROGRESS  REPORT 

Project  1  Mechanisms  of  Molecular  Alterations  in  Lung  Cancer 

Specific  Aim  1.1  Determine  the  mRNA  splicing  complex  responsible  for  CEACAM 
splicing  and  identify  potential  altered  components )  in  lung  cancer 
cells 

Using  two-dimensional  gel  electrophoresis,  we  analyzed  nuclear  proteins  from  four  cancer  cell 
lines;  two  cell  lines  express  predominantly  the  L-form-CEACAMI  (HI  944  and  A549)  and  two 
express  predominantly  the  S-form-CEACAMI  (H460  and  17B).  Two  patterns  of  expression 
were  observed  (Figure  1). 


* 


A  group  of  proteins  at  pH  10  and  molecular  weight  about  40kD  was  highly-expressed  in  HI  944 
and  A549  but  not  in  H460  and  17B.  In  contrast,  several  lower  molecular  weight  proteins  were 
expressed  in  the  H460  and  17B  cell  lines.  These  proteins  were  purified  and  digested  with 
proteinases  for  mass  spectrometer  based  peptide  mapping.  These  proteins  are  predominantly 
hnRNPs  which  are  important  in  splicing  regulation.  Other  proteins  differentially  expressed  were 
also  identified.  An  interesting  feature  is  the  presence  of  different  splicing  isoforms  of  hnRNPs  in 
cell  lines  presenting  distinct  CEACAM  1  splicing  forms  (Table  1).  Our  results  suggest  that 
hnRNPs  and  their  alternatively  spliced  forms  may  play  important  roles  in  controlling  CEACAM1 
splicing  patterns. 

Table  1.  Proteins  Identified  from  each  of  the  four  cell  lines  differentially  expressed 


Cell 

line 

CAM 

form 

Spot 

I.D. 

Accession  # 

Pi 

M.W. 

A549 

long  »> 

A1 

heterogeneous  nuclear  ribonucleoprotein 

NP  002128 

8.7 

36.05 
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A2 


A3 _ 

A4 


A5 _ 

A6a-f 


short  only  Cl 


(hnRNP)  A2/B1 _ 

hnRNP  A2B1 


hnRNP  A2/B1 _ 

hnRNP  A2/B1 


hnRNP  A1 _ 

hnRNP  A1 


hnRNP  A1 
hnRNP  A1 


ATPB_human  ATP  synthase  beta  chain, 

Mitochondrial  precursor _ 

outer  mitochondrial  membrane  protein  porin  2 
(splicing  variant?) 


hnRNP  A2/B1 


hnRNP  A2/B1 _ 

Porin  31 HM _ 


hnRNP  A 1 _ _ 

hnRNP  A1  _ 

alternative  splicing  factor  ASF-2 _ 

hnRNP  A2./B1 


hnRNP  A2/B1 


B14 

very-Iong-chain  acyl-CoA  dehydrogenase  (splicing 
variant?) 

D78298 

B15 

hnRNP  A2/B1 

B16 

hnRNP  A2/B1 

9.2  70.87 


B17 

hnRNP  A 1 

B18 

UP1  (hnRNP  Al) 

B20 

peroxiredoxin  1 ;  Proliferation-associated  gene  A; 
proliferation-associated  gene  A  (natural  killer¬ 
enhancing  factor  A) 

NP  002565 

B23 

hnRNP  A2/B1 

actin,  gamma  1  propeptide;  cytoskeletal  gamma- 

actin;  actin,  cytoplasmic  2 _ 

prohibitin _ 

hnRNP  L  (splicing  variant) _ 

Porin  31HM _ 

hnRNP  A1  (splicing  variant) _ _ 

hnRNP  A1  (splicing  variant) _ 

physical  mixture  or  fusion  protein  of  A1-A2/B1 
Similar  to  C8 
hnRNP  L 

acyl-Coenzyme  A  dehydrogenase,  very  long  chain 
precursor  (splicing  variant?  ) 

peroxiredoxin  1;  Proliferation-associated  gene  A; 
(same  as  B20) _ 

hnRNP  A2/B1  -  hnRNP  A1 _ 

hnRNP  A2/B1 


hnRNP  A2/B1 


hnRNP  A2/B1  _ 

voltage-dependent  anion  channel  2 
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NP_001605 

5.3 

42.12 

NP  002625 

5.6 

29.84 

XP  008903 

6.7 

60.84 

AAB20246 

8.8 

30.74 

NP  000009 


^■i 

voltage-dependent  anion  channel  2 

hnRNP  A2/B1 

C23 

hnRNP  A2/B1 

B23  nucleophosmin 

CAA34809 

4.7 

31.09 

D4 

hnRNP  A2/B1 

D5a-e 

hnRNP  A1 

9.4 

34.29 

Specific  Aim  1.2  Determine  functions  of  the  identified  components )  in  pre-mRNA 
splicing  control  of  CEACAM  and  potential  alterations  in  lung 
cancers 

By  serial  deletion  analysis,  we  found  that  the  consensus-alternative  splicing  sequence  of 
CEACAM1  locates  within  exon  7  of  CEACAM1.  The  53  bp  fragment  contains  two  CACA  Tra 
sites.  Using  the  53bp  fragment,  we  performed  sequence-specific  affinity  chromatography  and 
found  it  binds  two  major  proteins.  We  purified  the  proteins  and  analyzed  their  identity  by  peptide 
digestion  and  mass  spectrometry.  The  two  proteins  turned  out  to  be  hnRNP-AI  and 
polypyrimidine  tract-binding  protein  (PTB)  both  known  to  be  important  in  splicing  regulation.  The 
binding  specificity  was  verified  by  using  gel  shift  analysis.  The  data  further  suggest  that  PTB  can 
function  as  an  exonic  splicing  enhancer  to  exclude  the  CEACAM1  exon  7,  which  is  a  novel  PTB 
function.  To  test  the  hypothesis,  we  co-transfected  CEACAM1  mini-gene  with  three  PTB 
isoforms  and  demonstrated  that  increased  PTB  levels  can  enhance  the  exclusion  of  exon  7  of 
CEACAM  1. 

Specific  Aim  1.3  Determine  the  function  of  DNA  methyltransferases  and  their  roless 
in  controlling  methylation  and  the  expression  status  of  critical  tumor 
supressor  genes  and  tumor  antigen  genes 

We  used  multiple  primers  located  at  exon  4,  exon  5  and  exon  6  of  DNMT3B  to  determine  a 
potential  starting  site  of  the  new  transcript  through  primer  extension  assay  and  found  the 
transcript  stared  at  base  pair  (bp)  23990  and  23994  in  the  exon  5  of  DNMT3B  (GenBank  AN: 
1 5306493).  This  partial  exon  5  is  named  as  the  first  exon  of  the  new  transcript  which  contains 
only  28-bp  or  24-bp  respectively.  The  result  was  validated  using  nuclease  SI  RNA  mapping 
analysis.  We  designated  the  new  transcript  as  DNMT3B6  following  other  previously  published 
transcripts.  To  determine  expression  profile  of  the  new  transcript,  we  analyzed  a  panel  of 
different  tissues  including  peripheral  lymphocytes,  normal  lung  tissues,  paired  lung  cancer 
tissues,  lung  cancer  cell  lines,  and  head  and  neck  cancer  cell  lines  and  found  that  DNMT3B6  is 
a  predominant  expressing  form  of  DNMT3B  in  these  tissues. 

To  determine  the  existence  of  a  promoter,  we  constructed  a  vector  containing  a  1080bp-DNA 
fragment  including  upstream  355bp  from  DNMT3B6  transcription  starting  site,  the  novel  first 
exon,  first  intron  and  partial  exon  2  (92bp).  We  performed  a  promoter  activity  assay  and 
demonstrated  a  promoter  activity  of  the  DNA  fragment.  We  further  constructed  serial  vectors 
including  both  sense  and  reverse  directions  and  various  deletions.  Using  these  constructs,  we 
demonstrated  that  the  core  promoter  of  DNMT3B6  is  in  a  477-bp  fragment  containing  one 
repressor  element  and  three  cis-aeting  elements.  Interestingly,  a  common  T-C  transition 
polymorphism  was  found  in  the  promoter  region  of  DNMT3B6  located  at  -286bp  from  the 
DNMT3B6  transcriptional  starting  site,  which  may  change  a  TFIID  (CTcTATTCCA)  binding  site 
to  GATA-1  (TCTATC)  binding  site.  We  noticed  a  stronger  promoter  activity  of  the  T  form  than 
the  C  form  (18-fold  vs.  12-fold  compared  to  the  control,  respectively).  In  a  case-control  study, 


we  found  that  the  CT  heterozygote  genotype  had  more  than  two-fold  increased  risk  of  lung 
cancer  development . 

We  analyzed  the  mRNA  expression  profile  of  DNMT3B6s  in  normal  lung  cDNA  library  and  lung 
cancer  cell  lines  by  RT-PCR.  We  found  that  the  transcripts  initiated  from  this  novel  promoter 
may  generate  at  least  7  isoforms  of  DNMT3B6  through  inclusion  or  exclusion  of  different 
combinations  of  exons  7,  8,  9,  and  10  of  DNMT3B1.  We  named  these  isoforms  of  DNMT3B6  as 
DNMT3B6-a,  -b,  -c,  -d,  -e,  -f  and  -g.  Detected  by  RT-PCR,  these  DNMT3B6  transcripts 
showed  variable  expression  levels  and  patterns  in  different  cancer  cell  lines  and  primary  tumors. 
A  comparative  analysis  of  putative  amino  acid  sequences  shows  that  all  variables  are  within  the 
PWWP  motif,  which  has  recently  been  shown  to  have  direct  DNA  binding  capability. 

Specific  Aim  1.4  Determine  expression  profiles  and  abnormalities  of  DNMT3B 
isoforms  in  lung  tumorigenesis  and  their  association  with  de  novo 
DNA  methylation  patterns,  as  well  as  potential  clinical  applications 

These  studies  are  planned  for  Years  4  and  5  of  the  granting  period. 

Other  research  developments  related  to  lung  cancer  biology  supported  in  part  bv  the 
fund 


Activation  of  telomerase  plays  a  critical  role  in  unlimited  cell  proliferation  and  immortalization.  To 
evaluate  the  significance  of  human  telomerase  reverse  transcriptase  catalytic  subunit  (hTERT) 
as  a  prognostic  marker,  we  analyzed  the  expression  of  hTERT  in  a  large  population  of  153 
patients  with  stage  I  non-small  cell  lung  cancer  (NSCLC)  by  using  the  in  situ  hybridization  (ISH) 
technique.  We  found  that  diffuse  hTERT  expression  was  present  in  51  out  of  153  patients 
(33%).  Kaplan-Meier  analysis  showed  that  hTERT  expression  was  strongly  associated  with 
shorter  overall  survival  (P  =  0.04),  shorter  disease-specific  survival  (P  =  0.03)  and  shorter 
disease-free  survival  (P  =  0.02).  Multivariate  analysis  confirmed  this  independent  prognostic 
value  of  hTERT  expression.  In  conclusion,  our  results  based  on  a  large  population  of  patients 
with  stage  I  NSCLC  indicate  that  hTERT  mRNA  expression  is  strongly  associated  with 
malignant  tumor  progression  and  poor  outcome.  hTERT  may  serve  as  a  useful  marker  to 
identify  patients  with  poor  prognosis  and  select  early-stage  NSCLC  patients  that  might  be 
benefited  from  adjuvant  treatment.  (Clinical  Cancer  Research  8:  2883-2889,  2002) 

The  PTEN  gene  at  chromosome  10q23.3  is  a  tumor-suppressor  gene  that  is  inactivated  in 
several  types  of  human  tumors.  Although  mutation  and  homozygous  deletion  are  the  most 
common  mechanisms  of  PTEN  inactivation,  promoter  methylation  and  translational  modification 
can  also  account  for  PTEN  silencing.  The  aim  of  this  study  was  to  investigate  the  expression  of 
PTEN  protein  in  primary  non-small  ceil  lung  cancer  (NSCLC)  samples  and  to  investigate  the 
promoter  methylation  status  of  the  gene  in  a  panel  of  NSCLC  cell  lines  as  well  as  primary 
tumors.  We  analyzed  PTEN  expression  by  immunohistochemistry  in  tissue  samples  from  125 
patients  with  early-stage  NSCLC.  We  also  evaluated  PTEN  promoter  methylation  status  by 
methylation-specific  PCR  in  20  microdissected  PTEN-negative  primary  tumors  from  among  the 
last  specimens  as  well  as  in  a  panel  of  16  NSCLC  cell  lines.  Western  and  Northern  blotting  were 
performed  in  the  same  panel  of  NSCLC  cell  lines.  Thirty  (24%)  of  the  125  specimens  showed 
lack  of  staining  for  PTEN.  PTEN  methylation  was  detected  in  seven  (35%)  of  the  20  PTEN- 
negative  NSCLC  samples  and  in  none  of  the  10  PTEN-positive  NSCLC  samples  that  were 
microdissected.  Furthermore,  PTEN  methylation  was  observed  in  11  (69%)  of  the  16  NSCLC 
cell  lines  tested.  PTEN  mRNA  expression  was  increased  in  the  NCI-H1299  cell  line  by  in  vitro 
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treatment  with  the  demethylating  agent  5-aza-2’-deoxycytidine.  PTEN  methylation  was  well 
correlated  with  PTEN  expression  in  NSCLC  cell  lines  by  Western  and  Northern  blot  (P  =  0,025), 
(Clinical  Cancer  Research  8: 1 1 78-1 1 84,  2002). 

Enolase-a  is  a  cytoplasmic  glycolytic  enzyme  important  in  the  formation  of 
phosphoenolpyruvate.  Enolase-a  and  c-myc  binding  protein  (MBP-1)  originate  from  a  single 
gene  through  alternative  use  of  translational  starting  sites.  Both  enolase-a  and  MBP-1  can  bind 
to  the  P2  element  in  the  c-myc  promoter  and  compete  with  TATA-box  binding  protein  (TBP)  to 
suppress  transcription  of  c-myc.  Using  a  proteomic  approach,  we  revealed  that  enolase-a  is 
down-regulated  in  cell  lines  derived  from  metastases.  To  determine  a  potential  role  of  enolase-a 
in  vivo,  we  analyzed  enolase-a  expression  in  non-small  cell  lung  cancer  (NSCLC)  tissues  from 
46  patients  by  Western  blotting  and  immunohistochemical  analysis.  Twelve  (26%)  of  the  46 
tumors  showed  a  significantly  reduced  enolase-a  expression.  Although  no  statistically  significant 
association  was  observed  between  the  down-regulation  of  enolase-a  and  pathologic  stage, 
tumor  histology,  or  differentiation,  the  patients  whose  tumors  showed  reduced  endolase-a 
expression  had  a  significantly  poorer  overall  survival  compared  to  those  without  down-regulation 
of  this  molecule  (P  =  0.0398).  Our  results  indicate  down-regulation  of  enolase-a  is  common  in 
NSCLC  and  may  play  an  important  role  in  lung  tumorigenesis.  (Submitted,  Clinical  Cancer 
Research). 

Chemoprevention  has  been  widely  explored  as  a  promising  strategy  to  control  lung  cancer 
which  is  the  leading  cause  of  cancer-related  death  in  the  United  States.  To  maximize  the  benefit 
of  chemoprevention,  it  is  important  to  identify  individuals  with  high  risk  for  the  disease.  Besides 
tobacco  smoking,  individual’s  genetic  background  plays  an  important  role  in  the  person's 
susceptibility  of  developing  lung  cancer.  We  report  here  the  identification  of  a  polymorphic 
tandem  repeats  minisatellite  (termed  MNS16A)  in  the  downstream  region  of  human  telomerase 
catalytic  subunit  (hTERT)  gene.  This  minisatellite  locates  upstream  of  the  antisense  transcript 
of  hTERT  gene  and  has  a  promoter  activity.  The  promoter  activity  is  significantly  lower  in  the 
construct  containing  a  shorter  repeats  suggesting  the  polymorphism  of  MNS16A  may  have  a 
role  in  biology.  We  analyzed  genomic  DNA  from  107  individuals  without  cancer  for  genotypes  of 
MNS16A  and  found  four  different  alleles  based  on  the  length  of  the  repeats  which  are  classified 
as  shorter  repeats  (S)  and  longer  repeats  (L).  About  57%  of  the  individuals  carry  LL  genotype, 
32%  LS,  and  11%  SS.  We  further  analyzed  DNA  from  53  patients  with  NSCLC  and  found  42% 
of  these  patients  carry  LL,  50%  LS,  and  8%  SS.  Patients  with  NSCLC  carry  a  significantly 
higher  LS/SS  genotype(s)  than  individuals  without  cancer  (P  =  0.032  by  analysis),  suggesting 
an  important  role  of  MNS16A  in  lung  cancer  susceptibility.  (Submitted,  Oncogene) 

Interleukin-10  (IL-10)  may  play  an  important  role  in  controlling  tumor  growth  and  metastasis. 
Some  reports  have  shown  that  IL-10  can  be  a  potent  inhibitor  of  tumor  growth,  but  others 
suggest  that  IL-10  expression  by  the  tumor  is  an  adverse  prognostic  factor.  Since  normal 
bronchial  epithelial  cells  constitutively  produce  IL-10,  we  decided  to  test  the  prognostic  value  of 
IL-10  in  a  well-defined  population  of  patients  with  stage  I  non-small  cell  lung  cancer  (NSCLC) 
treated  in  a  single  institution.  Using  immunohistochemical  analysis,  we  retrospectively  analyzed 
IL-10  expression  in  specimens  from  138  patients  with  completely  resected  clinical/radiographic 
stage  I  NSCLC  for  whom  clinical  follow-up  data  were  available.  IL-10  expression  was  retained 
(IL-10  labeling  index  >  10%)  in  94  patients  (68.1%)  and  lost  in  44  patients  (31.9%).  The  duration 
of  overall  survival,  disease-specific  survival  and  disease-free  survival  in  the  44  patients  lacking 
IL-10  expression  was  worse  than  in  the  94  patients  with  IL-10  expression  ( P  =  0.08;  0.02;  and 
0.05,  respectively;  log-rank  test).  Interestingly,  IL-10  expression  was  observed  more  frequently 
in  tumors  with  squamous  cell  histology  than  in  tumors  of  other  histological  subtypes  (P  =  0.04; 
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chi-square  test).  Multivariate  analysis  confirmed  the  independent  prognostic  value  of  IL-10 
expression  for  disease-specific  survival  (P  =  0.04).  Lack  of  IL-10  expression  by  the  tumor  was 
associated  with  a  significantly  worse  outcome  of  early-stage  NSCLC.  The  mechanisms 
underlying  this  clinically  and  biologically  important  finding  need  to  be  further  explored,  (in  press, 
Clinical  Cancer  Research) 


Project  2  Novel  Strategies  for  Lung  Cancer  Chemoprevention 

Specific  Aim  2,1  Evaluate  the  effects  of  aerosolized  13cRA  delivered  to  former 
smokers  by  inhalation  alone  or  in  combination  with  Celecoxib 

This  clinical  trial  is  not  scheduled  to  be  initiated  until  Year  3  of  the  granting  period. 

Specific  Aim  2.2  Evaluate  the  effects  of  NSAIDS  and  13cRA  as  single  agents  and  in 
combinations  on  growth,  apoptosis  and  carcinogenesis  using  an  in 
vitro  cell  system  and  an  animal  model 

Tobacco-related  cancers  including  those  that  develop  in  the  head  and  neck  and  lungs  are  a 
major  cause  of  cancer  morbidity  and  mortality.  Despite  advances  in  chemotherapy,  radiotherapy 
and  surgery  alone  or  in  combination,  the  survival  rates  for  lung  cancer  are  still  under  15%  and 
those  for  head  and  neck  cancers  are  under  50%.  Therefore,  there  is  an  urgent  need  to  develop 
new  approaches  to  the  prevention  of  cancers  of  the  upper  airways.  The  purpose  of  this  specific 
aim  is  to  evaluate  effects  of  NSAIDs  and  retinoic  acid  as  single  agents  and  in  combinations  on 
lung  cancer  growth,  apoptosis  and  carcinogenesis  using  an  in  vitro  cell  system  and  an  animal 
model.  In  the  first  year  of  funding,  we  have  determined  the  efficacy  and  mechanisms  of  action 
of  arachidonic  acid  metabolizing  enzymes  including  cyclooxygenase  2  (COX-2)  and 
lipoxygenase  (e.g.,  5-LOX)  inhibitors  used  as  single  agents  and  in  combination  with  each  other 
and  with  retinoic  acid  in  suppression  of  cell  growth  and  induction  of  apoptosis  of  normal, 
immortalized,  premalignant,  transformed  and  tumorigenic  lung  cells  in  vitro,  and  found  that 
these  effects  were  not  related  to  the  expression  of  the  target  enzymes.  During  the  past  year, 
we  have  investigated  the  expression  of  COX-2  and  lipoxygenases  and  modulation  of  the  growth 
and  apoptosis  in  head  and  neck  cancers  by  the  COX-2  inhibitor  celecoxib. 

Expression  of  COX-2  and  lipoxygenases  in  head  and  neck  squamous  cell  carcinoma 
cells  - 

We  used  five  paired  cell  lines  derived  from  primary  Head  and  Neck  squamous  cell  carcinoma 
(HNSCC)  and  metastases  in  the  same  patient.  Three  of  the  cell  lines  failed  to  express  COX-2 
by  western  blotting  analysis  whereas  7  were  positive,  albeit  expressing  different  COX-2  levels. 
Interestingly,  3  of  the  pairs  showed  a  greater  expression  of  COX-2  in  the  primary  cancer  cell 
lines  than  in  the  cell  lines  derived  from  a  metastasis. 

Lipoxygenases  5  and  12  were  detected  in  all  HNSCC  cell  lines  whether  derived  from  primary  or 
metastasis.  However,  15-lipoxygenase  was  detected  in  only  3/6  cell  lines. 

Growth  inhibitory  effects  of  Celecoxib  on  HNSCC  cell  lines 

Celecoxib  inhibited  the  growth  of  all  HNSCC  cell  lines  tested  with  an  IC50  of  40  to  60  pM  in  a  3- 
day  assay.  At  concentrations  of  up  to  50  pM,  celecoxib  induced  growth  inhibition  but  at  higher 
doses  apoptosis  was  observed.  There  was  no  correlation  between  the  level  of  COX-2  or  any  of 
the  lipoxygenases  and  the  response  to  Celecoxib. 
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Effects  of  Celecoxib  on  the  invasive  potential  of  HNSCC  cell  lines 

The  invasive  potential  of  HNSCC  cell  lines  analyzed  using  a  Matrigel-coated  filter  placed  in  a 
Boyden  chamber  was  not  correlated  with  the  levels  of  COX-2  or  any  of  the  three  lipoxygenases 
(5,  12,  and  15),  Celecoxib  inhibited  invasion  of  HNSCC  ceil  lines  only  modestly.  Furthermore, 
a  dose-dependent  increase  in  the  levels  of  the  vascular  endothelial  growth  factor  (VEGF)  was 
observed  after  Celecoxib  treatment  of  HNSCC  14A  cells. 

Increased  expression  of  COX-2  in  HNSCC  cells  treated  with  Celecoxib 

Treatment  of  several  HNSCC  cell  lines  with  celecoxib  at  concentrations  as  low  as  0.1  pM 
increased  the  level  of  COX-2  within  3  hours.  The  level  of  COX-2  then  declined  by  48  hours. 
There  was  no  correlation  between  the  increase  in  COX-2  and  growth  inhibitory  effect  of 
Celecoxib  because  induction  was  observed  at  doses  that  had  no  effect  on  growth. 

Effects  of  combinations  of  Celecoxib  and  the  synthetic  Retinoid  4HPR  on  HNSCC  cells 

4HPR  inhibited  the  growth  of  all  HNSCC  cell  lines  tested  with  IC50  ranging  from  6  to  13  pM. 
Combinations  of  20  pM  Celecoxib  with  different  doses  of  4HPR  showed  more  than  additive 
effects.  4HPR  caused  an  increase  in  COX-2  level  at  6  hours  and  then  the  level  of  COX-2 
declined  gradually  reaching  a  lower  level  of  untreated  cells  after  72  hours.  When  1  pM  4HPR 
was  combined  with  20  pM  Celecoxib,  the  overall  increase  in  COX-2  protein  levels  was  less 
pronounced  than  the  maximal  increase  observed  with  each  agent  alone,  4HPR  inhibited  the 
invasion  of  HNSCC  cells  at  low  concentrations  that  had  no  effect  on  cell  growth  and  also 
suppressed  the  levels  of  secreted  vascular  endothelial  growth  factor  (VEGF).  4HPR  also 
suppressed  the  increase  in  VEGF  induced  at  high  doses  of  Celecoxib. 


Specific  Aim  2.3  investigate  whether  genetic  approaches  to  inhibit  PI3K  activity 
decrease  lung  tumor  size  and  number  in  K-ras  mutant  mice 

We  have  continued  our  efforts  to  inhibit  PI3K  pathway  in  the  lungs  of  k-ras  mice.  Our  progress 
has  been  slowed  by  3  problems.  First,  the  person  in  my  lab  who  was  carrying  on  this  project, 
Dr'  Ho‘Youn9  Lee,  left  the  lab  to  start  her  own  lab  effort.  We  have  solved  this  problem  by 
recruiting  a  new  graduate  student,  Dianren  Xia,  who  has  successfully  expanded  our  adenoviral 
stocks  that  we  will  need  for  the  proposed  experiments.  Second,  9  months  ago,  the  mouse 
colony  in  the  laboratory  of  Dr.  Tyler  Jacks  developed  an  infection  that  caused  him  to  have  to 
sacrifice  all  of  his  animals  and  rederive  his  transgenics.  This  caused  our  mouse  colony,  which 
was  totally  dependent  on  mice  shipments  from  Dr.  Jacks,  to  be  depleted.  We  have  been  unable 
to  perform  any  experiments  over  the  past  6  months  because  we  have  required  that  amount  of 
time  to  grow  our  own  mouse  colony.  We  are  almost  to  the  point  at  which  we  will  begin  to 
perform  the  proposed  experiments.  Third,  our  aerosolized  delivery  method  stopped  effectively 
delivering  adenovirus  to  lung  tumors.  We  have  used  the  few  mice  we  have  left  to  investigate 
the  source  of  the  problem  and  have  determined  it  to  be  from  the  jet  nebulizer.  We  have  begun 
to  find  ways  to  solve  this  problem  with  new  jet  nebulizers  and  modifying  the  calcium  phosphate 
precipitation  to  allow  the  virus  to  be  delivered  more  effectively  through  the  nebulizer.  Despite 
these  drawbacks,  we  have  made  progress  in  our  publications.  We  have  received  a  very 
favorable  review  from  the  Journal  of  Biological  Chemistry  of  the  preliminary  data  that  went  into 
this  proposal  and  expect  that  our  revised  proposal  has  a  good  chance  of  being  accepted  for 
publication. 
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Project  3  Experimental  Molecular  Therapeutic  Approaches  to  Lung  Cancer 

Specific  Aim  3.1  Develop  a  relatively  faithful  murine  model  of  lung  cancer  by 
crossing  the  k-ras  mutant  mouse  (T.  Jacks)  with  our  p53  mutant 
missense  mouse  ( G .  Lozano)  such  that  we  can  study  the  evolution 
of  non-small  cell  lung  cancer  in  primary  lung  tumor  model  with 
metastatic  potential,  as  well  as  the  effectiveness  of  these 
molecularly  targeted  strategies  in  that  model. 


The  initial  experiments,  to  generate  both  mutations  in  an  inbred  background  and  to  generate  the 
cohort  for  tumor  studies  have  been  completed.  The  p53R172H0g  mice  and  the  RasMf  mice  are 
now  in  the  129SV  background.  The  following  cohort  has  been  established:  RaswV+ 
p53R172H^g/+  (50  mice);  Ras^'fr  (50  mice);  R172Hg/+  (50  mice);  wild  type  (50  mice).  These 
mice  have  begun  to  succumb  to  lung  tumors.  Figure  1  indicates  the  survival  curves  of  the  cohort 
thus  far.  The  Ras ^7+  p53R172Hng/+  are  dying  more  quickly  than  the  other  cohorts  due  to  the 
combined  mutations  in  ras  and  p53.  Samples  have  been  collected  for  pathology. 


months 


Figure  1 .  Survival  curves  for  the  ras  and  mutant  p53  cohorts.  R,  RasL4f;  g,  p53R172Hjg/+. 

Matings  have  continued  and  the  next  cohort  of  mice  will  be  treated  with  farnesyl  transferase 
inhibitors  to  determine  efficacy  in  an  in  vivo  model. 
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Specific  Aim  3.2  Evaluate  novel  signal  transduction  inhibitors,  both  alone  and  in 

combination  with  one  another  and  with  cytotoxic  agents,  in  the 
treatment  of  these  mouse  lung  cancer  models  and,  ultimately,  in  the 
treatment  of  human  lung  cancers. 

Ras  gene  mutations  are  among  the  first  described  oncogenic  changes  in  human  cancer. 
Broadly,  much  work  has  been  undertaken  in  the  last  two  decades  to  better  comprehend  the 
functions  of  the  various  isoforms  of  ras,  h-,  n-,  k-,  and  r -ras.  A  recent  collaboration  by  the 
laboratories  of  Adrienne  Cox  (University  of  North  Carolina)  and  Mark  Phillips  (New  York 
University)  has  begun  to  elucidate  the  specific  functions  of  various  isotypes,  by  better  defining 
their  specific  membrane  localization.  Added  to  the  extensive  work  studying  the  ras  gene 
mutations  in  the  hematologic  and  oncologic  malignancies,  the  functional  significance  of  this 
crucial  family  of  G-proteins/GTPases  is  becoming  increasingly  clear. 

The  major  focus  of  our  laboratory  is  on  targeting  post-translational  modifications  of  the  ras 
genes  as  a  therapeutic  target.  Since  Brown  and  Goldstein  first  elucidated  the  importance  of 
isoprenylation  of  ras  genes  as  a  critical  step  in  the  maintenance  oncogenic  ras  signaling,  an 
academic  and  pharmaceutical  race  has  been  initiated  to  develop  and  license  the  first  “ras- 
targeting”  agents  in  man.  Several  clinical  trials  of  farnesyl  transferase  inhibitors  (FTIs),  both 
alone  and  in  combination  with  cytotoxic  agents  have  shown  promise,  but  not  yet  definitive 
efficacy  in  patients  with  hematological  and  solid  tumor  malignancies.  To  date,  we  have  led  or 
been  involved  in  both  single  agent  and  combination  trials  of  the  three  FTIs  currently  in  phase 
ll/Hl  clinical  trials,  and  have  contributed  to  the  understanding  of  how  these  agents  down-regulate 
ras-dependent  signaling  in  aerodigestive  tract  cancers.  A  major  focus  of  our  laboratory  has 
been  to  understand  how  FTIs  down-regulate  phosphorylated  raf  and  phosphorylated  akt,  and 
induce  the  degradation/ubiquitination  of  AKT/PKB  proteins  in  lung  cancers  and  head  and  neck 
squamous  cell  cancers  (HNSCC). 

We  have  studied  the  effects  of  FTIs  on  raf  and  akt  activity  in  lung  and  head  and  neck  cancers  in 
preparation  for  combining  them  with  Iressa.  We  have  shown  that  in  head  and  neck  cancers  and 
cell  lines,  the  FTI  lonafarnib  induces  downregulation  of  phosphorylated  raf  and  phosphorylated 
akt,  and  induce  the  degradation/ubiquitination  of  AKT/PKB  proteins.  We  have  also  continued 
our  fruitful  collaborations  with  Dr.  Li  Mao,  PI  of  project  1 ,  on  the  development  of  a  molecular 
prognostic  model  of  lung  cancer,  so  that  we  can  differentiate  between  those  individuals  with 
early  stage(Stage  I)  Non-Small  Cell  Lung  Cancer(NSCLC)  who  will  do  well  postoperatively  and 
those  individuals  whose  prognosis  is  more  guarded.  Our  collaborations  have  expanded  to  the 
study  of  the  promoter  methylation  patterns  in  the  PTEN/akt  signaling  pathway,  whose 
downregulation  we  have  shown  to  be  vital  to  the  effect  of  lonafarnib  in  NSCLC  and  HNSCC,  and 
the  prognostic  expression  of  the  vital  telomeric  regulatory  component,  hTERT,  whose 
expression  has  been  shown  by  Hahn  and  Weinberg  to  be  necessary  for  ras  dependent 
transformation  of  mammalian  cell  lines.  Our  continued  prognostic  understanding  of  these 
various  critical  signaling  proteins  in  ras  dependent  transformation  and  progression,  is  the 
underpinning  for  our  subsequent  development  of  targeted,  individualized  therapies  for  high  risk 
lung  cancer  patients. 


Specific  Aim  3.3  Produce  and  test  a  liposomal  gene-therapeutic  strategy  targeted  to  a 

novel  tumor  suppressor  gene  located  on  chromosome  3p,  both  in 
the  mouse  model  and  in  human  patients  with  advanced  non-small 
cell  lung  cancer 


The  FUS1  is  a  novel  tumor  suppressor  gene  (TSG)  identified  in  the  120-kb  homozygous 
deletion  region  at  human  chromosome  3p21,3,  Previously,  we  found  that  FUS1  was  inactivated 
in  primary  lung  cancer  by  either  loss  of  genomic  allele  or  deficiency  of  protein  expression  and 
that  overexpression  of  the  wild-type  (wt)-FUSI  in  FUS1 -deficient  NSCLC  cells  significantly 
inhibited  tumor  cell  growth  and  induced  apoptosis  in  vitro  and  in  vivo.  To  understand  further  the 
molecular  mechanism  involved  in  FUS7-mediated  tumor  suppressing  activity  and  cancer 
pathogenesis,  we  performed  a  computer-aided  structural  analysis  of  the  Fusl  protein  and 
characterized  the  biological  properties  of  the  predicted  functional  domains  in  vitro  and  in  vivo.  A 
motif-based  profile  scanning  analysis  of  Fusl  protein  sequence  revealed  a  potential 
myristoylation  site  at  the  N-terminus  of  Fusl  protein  sequence.  We  have  identified  the  wild-type 
Fusl  protein  as  a  myristoylated  protein  by  a  surface-enhanced  laser  desorption  and  ionization  - 
Mass  spectrometry  (SELDI-MS)  analysis  on  a  Fusl -antibody-captured  ProteinChip  array 
(ACPA)  and  by  Western-blot  and  immunoprecipitation  analysis  of  the  H3-myristate-labeled  Fusl 
protein  in  the  exogenous  FUS1  -expressing  cells.  We  analyzed  the  subcellular  localization  of  wt- 
Fusl  and  the  myristoylation-deficient  mutant  Fusl  proteins  in  plasmid-transfected  H1299  cells. 
The  mutant  Fusl  had  dramatically  lost  its  characteristic  intracellular  membrane  localization  due 
to  its  depletion  of  myristoylation.  To  evaluate  the  biological  function  of  myristoyl  modification  of 
Fusl  protein  in  vitro  and  in  vivo,  we  compared  the  clonogenicity  of  the  wt-FUSI  and  mutant- 
FUS1  in  plasmid  vector-transfected  HI 299  cells  on  a  soft-agar  plate  and  the  effect  of  enforced 
expression  of  wild-type  FUS1  on  the  growth  of  s.c.  HI 299  tumor  xenografts  and  on  the 
development  of  A549  lung  metastases  in  mice  by  intratumoral  injection  or  systemic 
administration  of  lipoplexes  of  FUS1  DNA.  Significant  inhibition  of  clonogenicity  and 
suppression  of  tumor  growth  and  lung  metastases  were  observed  in  myristoylated  wt-FUSI  - 
expressing  HI 299  tumor  cells  and  tumor  xenografts,  but  not  in  myristoylation-deficient  mutant- 
Fusl  -expressing  cells,  compared  with  the  untransfected  Fusl -non-expressing  controls.  We 
analyzed  the  apoptosis  induced  by  systemic  administration  of  FUSI-lipoplex  in  pulmonary 
metastatic  tumors  in  vivo.  Using  in  situ  TUNEL  staining,  we  found  that  only  myristoylated  wt- 
FUSI  could  induce  apoptosis,  but  not  the  myristoylation-deficient  mutant  FUS1  protein. 

Furthermore,  in  a  preliminary  effort  to  evaluate  Fusl  protein  expression  and  posttranslational 
modifications  in  human  lung  tumors  and  non-involved  tissues,  we  used  Laser  Capture 
Microdisection  (LCM)  to  separate  tumor  cells  from  normal  ones  and  applied  the  cell  lysates  to 
the  ACPA  with  SELDI-TOF-MS.  We  found  that  only  myristoylated  protein  species  could  be 
detected  in  normal  cells,  but  both  the  un myristoylated  and  myristoylated  FUS1  protein  were 
detected  in  tumor  cells  as  indicated  by  the  precise  mass  of  FUS1  protein  on  the  mass  spectra. 
The  mixed  status  of  FUS1  protein  in  the  tumor  cells  might  be  a  reflection  of  the  tumor  cell 
molecular  heterogeneity. 

These  results  strongly  suggest  the  biological  role  of  posttranslational  modification  of  FUS1 
protein  in  FUS1 -mediated  tumor  suppressing  activity  in  vitro  and  in  vivo.  Our  findings  are 
expanding  an  essential  role  of  protein  posttranslational  myristoylation  in  human  cancer 
pathogenesis  and  warrant  further  studies  of  alternative  mechanisms  involved  in  inactivation  of 
novel  TSGs  such  as  3p21.3  FUS1  gene  by  posttranslational  modification,  loss  of  expression, 
and  hapioinsufficiency. 

We  have  previously  demonstrated  the  ability  of  a  cationic  liposome,  DOTAP: Cholesterol,  to 
efficiently  deliver  therapeutic  genes  to  primary  and  disseminated  lung  tumors  in  a  mouse 
xenograft  model.  Utilizing  this  approach,  we  tested  the  ability  of  a  newly  identified  tumor 
suppressor  gene,  Fusl,  to  inhibit  lung  tumor  growth  following  intratumoral  and  intravenous 
injections  of  DOTAP:Cholesterol-Fus1  (DOTAP:Chol-Fus1)  complex.  We  used  two  human  non- 


page13of  18 


small  cell  lung  cancer  cell  lines,  HI 299  and  A549,  that  are  deficient  for  Fusl.  Intratumoral 
injections  of  subcutaneous  HI 299  and  A549  tumor  bearing  animals  with  DOTAP;Chol-Fus1 
complex  (50  p/dose)  daily  for  a  total  of  six  doses  resulted  in  a  significant  inhibition  (p=0.01)  of 
tumor  growth  compared  to  control  animals  that  were  not  treated,  treated  with  Fusl  plasmid 
DNA,  and  treated  with  DOTAP:Chol-CAT  complex.  Similarly  intravenous  injection  of 
DOTAP:Chol-Fus  1  complex  (10  p/dose)  for  a  total  of  six  doses  via  tail  vein  into  animals  bearing 
experimental  A549  lung  metastasis  resulted  in  a  significant  inhibition  (p=0.001)  of  lung 
metastasis  compared  to  control  animals.  In  addition,  treatment  of  A549  lung  metastasis  bearing 
animals  systemically  with  DOTAP:Chol-Fus1  complex  (10  p/dose)  resulted  in  a  prolonged 
survival  (p=  0.01;  mean-  80  days)  compared  to  animals  that  were  not  treated  (mean-  47,8 
days),  treated  with  plasmid  DNA  (mean  -  51.6  days),  treated  with  DOTAP:Chol.  alone  (mean- 
47.2days),  and  treated  with  DOTAP:Chol-CAT  (mean  -  47.8  days).  During  the  course  of 
treatment,  no  significant  toxicity  was  observed,  indicating  that  the  doses  used  are  safe. 

In  conclusion,  the  results  from  the  present  study  demonstrate  that  Fusl  is  an  effective  tumor 
suppressor  gene  and  can  be  used  in  the  treatment  of  patients  with  primary  and  disseminated 
lung  cancer.  Based  on  these  studies,  a  Phase  I  human  clinical  trial  using  systemic 
administration  of  FUSI-lipoplex  has  been  initiated  and  approved  by  NIH  RAC  and  FDA.  The 
trial  will  start  early  this  year. 

In  addition,  we  studied  another  potential  apoptosis  regulator,  the  CACNA2D2  gene,  that  has 
recently  been  identified  in  the  homozygous  deletion  region  of  chromosome  3p21.3  in  human 
lung  and  breast  cancers.  It  is  characterized  structurally  as  a  new  a2d2  auxiliary  subunit  of  the 
voltage-activated  calcium  channel  (VACC)  protein  complex.  The  CACNA2D2  gene  spans  a 
-140  kb  genomic  locus  in  the  3p21.3  region,  consists  of  at  least  40  exons,  and  is  expressed  as 
a  5.5-5. 7  kb  mRNA.  The  CACNA2D2  protein  consists  of  1146  amino  acids  with  a  predicted 
molecular  mass  of  130  kD  (Gao  et  al.,  2000).  Three  splicing  variants  of  CACNA2D2  mRNA 
have  been  detected,  which  result  in  two  protein  isoforms  with  different  N-terminals.  The 
CACNA2D2  protein  shows  a  56%  amino  acid  sequence  homology  to  that  of  the  a2d1  subunit  of 
the  VACC  complexes  and  shares  a  similar  secondary  and  tertiary  structure  the  CACNA2D1,  as 
suggested  by  the  analysis  of  hydrophobicity,  potential  glyeosylation  sites,  and  bridge-forming 
cysteines  of  the  primary  sequence.  The  CACNA2D2  protein  is  highly  expressed  in  normal  lung 
tissue  but  either  absent  or  underexpressed  in  more  than  50%  of  lung  cancers  (Gao  et  al.,  2000). 
Because  cancer  cells  are  deficient  in  CACNA2D2,  it  has  been  suggested  that  CACNA2D2  could 
be  a  tumor  suppressor  gene  linking  Ca2+  signaling  with  the  pathogenesis  of  lung  cancer  and 
other  cancers. 

The  CACNA2D2  gene,  a  new  subunit  of  the  Ca2+-channel  complex,  was  identified  in  the 
homozygous  deletion  region  of  chromosome  3p21.3  in  human  lung  and  breast  cancers. 
Expression  deficiency  of  the  CACNA2D2  in  cancer  cells  suggests  a  possible  link  to  the  Ca2+- 
signaiing  in  the  pathogenesis  of  lung  cancer  and  other  cancers.  We  investigated  the  effects  of 
overexpression  of  CACNA2D2  on  intracellular  Ca2+  contents,  mitochondria  homeostasis,  cell 
proliferation,  and  apoptosis  by  adenoviral  vector-mediated  wild-type  CACNA2D2  gene  transfer 
in  3p21 ,3-deficient  non-small  cell  lung  cancer  cell  lines.  Exogenous  expression  of  CACNA2D2 
significantly  inhibited  tumor  cell  growth  compared  with  the  controls.  Overexpression  of 
CACNA2D2  induced  apoptosis  in  HI 299  (12.5%),  H358  (13.7%),  H460  (22.3%),  and  A549 
(50.1%)  cell  lines.  Levels  of  intracellular  free  Ca2+  were  elevated  in  AdCACNA2D2-transduced 
cells  compared  with  the  controls.  Mitochondria  membrane  depolarization  was  observed  prior  to 
apoptosis  in  Ad-CACNA2D2  and  Adp53-transduced  H460  and  A549  cells.  Release  of  cyt  C  into 
the  cytosol,  caspase  3  activation,  and  PARP  cleavage  were  also  detected  in  these  cells. 
Together,  these  results  suggest  that  one  of  the  pathways  in  CACNA2D2-induced  apoptosis  is 
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mediated  through  disruption  of  mitochondria  membrane  integrity,  the  release  of  cyt  C,  and  the 
activation  of  caspases,  a  process  that  is  associated  with  regulation  of  cytosolic  free  Ca2+ 
contents. 


Specific  Aim  3.4  Develop  specific  vascularly  targeted  strategies  to  the  vascular 

epithelium  of  lung  cancer  cells  in  order  to  decrease  the  toxicity  to 
normal  cells  and  enhance  the  therapeutic  index. 

Human  MDP  cDNA  was  amplified  by  PCR  from  normal  lung  cDNA  library  and  cloned  into  a 
bacterial  expression  vector.  A  polyclonal  antibody  serum  was  then  generated  against  this 
recombinant  human  MDP. 

Immunohistochemistry  in  human  tissues  using  this  immune  serum  recapitulates  the  MDP  tissue 
distribution  seen  in  mice.  Vascular  distribution  of  MDP  appears  to  be  ubiquitous  in  the  lung  and 
absent  in  other  organs  and  lung  metastases,  suggesting  that  MDP  may  play  a  role  in  human 
lung  metastases  as  well. 

KEY  RESEARCH  ACCOMPLISHMENTS 


•  Identified  an  association  between  hnRN Ps/isoforms  and  CEACAM1  splicing  patterns. 

•  Identified  exon  7  of  CEACAM1  contains  a  splicing  controlling  element  and  PTB  plays  an 
important  role  in  CEACAM1  splicing  through  the  element. 

•  Found  enolase-a  down-regulation  is  common  in  NSCLC  and  associated  with  a  poor 
clinical  outcome. 

•  Identified  a  novel  minisatellite  polymorphism  in  down-stream  of  hTERT  gene  (MNS16A) 
and  demonstrated  the  size  of  MSN16A  plays  a  role  in  lung  cancer  susceptibility. 

•  Demonstrated  that  IL-10  expression  is  lost  in  a  subset  of  NSCLC  and  such  loss 
predicts  a  poor  clinical  outcome  in  patients  with  stage  I  NSCLC. 

•  COX-2  expression  is  related  to  metastasis  in  3/5  paired  primary/metastasis  cell  lines. 
HNSCC  cells  that  express  COX-2  do  not  show  greater  sensitivity  to  COX-2  inhibitors  than 
HNSCC  cells  that  do  not  express  COX-2. 

•  The  combination  of  the  COX-2  inhibitor  Celecoxib  and  the  retinoid  4HPR  results  in  more 
effective  growth  inhibition  than  each  agent  alone. 

•  Demonstrated  lack  of  PTEN  expression  in  NSCLC  may  be  related  to  promoter 
methylation  and  is  of  prognostic  importance  in  stage  I  NSCLC. 

•  Farnesyl  Transferase  Inhibitors  down-regulate  phosphorylated  RAF  and  AKT  and  induce 
the  ubiquitination  of  AKT  protein. 


REPORTABLE  OUTCOMES 
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CONCLUSIONS 

Project  1  PTB  is  overexpressed  in  lung  cancer  and  contributes  to  the  splicing 

regulation  of  CEACAM1  through  binding  directly  to  exon  7  of  the  gene.  Further  investigation  of 
the  role  of  PTB  in  lung  tumorigenesis  may  provide  rationale  of  using  PTB  as  a  biomarker  and/or 
therapeutic  target.  hnRNPs  may  also  contribute  to  the  regulation  of  CEACAM1  splicing  and  will 
be  studied  further.  The  identification  of  DNMT3B6  and  its  splicing  isoforms  as  major  expression 
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forms  of  DNMT3B  in  lung  cancer  is  leading  us  to  test  their  potential  role  in  the  important  issue  of 
differential  promoter  methylation  in  lung  tumorigenesis. 

Project  2  The  mechanism  of  NSAIDs’  action  on  normal  premalignant  and  malignant 

lung  epithelial  cells  may  be  independent  of  COX-2  inhibition.  The  combination  of  retinoic  acid 
and  either  NS398  or  MK886  does  not  appear  to  have  advantage  over  single  agent. 

Project3  Molecular  prognostic  models  of  Stage  I  NSCLC  increasingly  identify  a 

group  at  heightened  risk  of  recurrence.  We  are  exploring  various  molecular  therapeutic 
approaches  in  our  novel  mouse  models  of  lung  cancer,  utilizing  FUS1  gene  therapy,  vascular 
targeted  approaches  and  small  molecules  to  better  understand  their  potential  individualized 
therapeutic  applications. 
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Delivery  of  therapeutic  genes  to  disseminated  tumor  sites  has  been  a  major  challenge  in  the  field 
of  cancer  gene  therapy  due  to  lack  of  an  efficient  vector  delivery  system.  Among  the  various  vectors 
currently  available,  liposomes  have  shown  promise  for  the  systemic  delivery  of  genes  to  distant 
sites  with  minimal  toxicity.  In  this  report,  we  describe  an  improved  extruded  DOTAPxholesterol 
(DOTAP:Chol)  cationic  liposome  that  efficiently  delivers  therapeutic  tumor  suppressor  genes  p53 
and  FHITf  which  are  frequently  altered  in  lung  cancer,  to  localized  human  primary  lung  cancers  and 
to  experimental  disseminated  metastases.  Transgene  expression  was  observed  in  25%  of  tumor 
cells  per  tumor  in  primary  tumors  and  10%  in  disseminated  tumors.  When  treated  with  DOTAP: 
ChoI-p53  and  -FW/F  complex,  significant  suppression  was  observed  in  both  primary  (P  <  0.02)  and 
metastatic  lung  tumor  growth  (P  <  0.007).  Furthermore,  repeated  multiple  treatments  revealed  a 
2.5-fold  increase  in  gene  expression  and  increased  therapeutic  efficacy  compared  to  single  treat¬ 
ment.  Finally,  animal  survival  experiments  revealed  prolonged  survival  (median  survival  time:  76 
days,  P  <  0.001  for  HI  299;  and  96  days,  P  =  0.04  for  A549)  when  treated  with  liposome-p53  DMA 
complex.  Our  findings  may  be  of  importance  in  the  development  of  treatments  for  primary  and 
disseminated  human  lung  cancers. 

Key  Words:  lung  cancer;  p53;  FH1T ;  liposome;  gene  therapy;  tumor  suppressor;  intratumoral; 
intravenous. 


Introduction 

Cancer  of  the  lung  is  one  of  the  leading  causes  of  death 
worldwide  (1).  Patients  often  present  with  locally  ad¬ 
vanced  or  disseminated  disease,  and  long-term  survival 
rates  have  not  improved  appreciably  over  the  past  20 
years.  Current  treatments  for  lung  cancer  have  shown 
little  success,  because  they  cannot  eradicate  disseminated 
tumors  with  an  acceptable  toxicity.  One  alternative  strat¬ 
egy  that  has  shown  promise  in  the  treatment  of  cancer  is 


1  To  whom  correspondence  and  reprint  requests  should  be  addressed 
at  Department  of  Thoracic  and  Cardiovascular  Surgery,  Box  109,  The 
University  of  Texas  M.  D,  Anderson  Cancer  Center,  1515  Holcombe 
Boulevard,  Houston,  TX  77030.  Fax:  (713)  794-4669.  E-mail: 

rramesh@mdanderson.org. 


gene  therapy.  However,  so  far  this  approach  has  been 
shown  in  patients  to  mediate  tumor  regression  only  when 
delivered  directly  to  solid  tumors  via  intralesional  or  in- 
traperitoneal  injection  (2-  6) .  A  gene  therapy  has  yet  to  be 
developed  that  is  effective  for  disseminated  cancer.  One 
reason  for  this  has  been  the  lack  of  a  vector  that  is  non¬ 
toxic  and  that  can  efficiently  deliver  genes  when  injected 
intravenously.  However,  Templeton  et  ah  (7)  recently  re¬ 
ported  development  of  extruded  DOTAP  xholesterol 
(DOTAP:Chol)  cationic  liposomes  that  efficiently  deliv¬ 
ered  the  chloramphenicol  acetyl  transferase  (CAT)  gene  to 
various  organs  and  tissues  with  maximal  gene  delivery  to 
the  lung  following  intravenous  administration.  Indeed,  in 
the  same  study  DOTAP: Choi  proved  superior  to  previ¬ 
ously  reported  liposome  preparations,  and  it  was  the  ex¬ 
trusion  of  the  liposomes  during  synthesis  that  was  impor- 
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tant  for  mediating  very  high  gene  transfer  to  the  lung. 
Although,  effective  gene  delivery  to  the  lung  was  previ¬ 
ously  demonstrated  using  DOTAP:Chol,  the  ability  of 
these  cationic  liposomes  to  efficiently  deliver  and  express 
therapeutic  genes  in  primary  or  disseminated  lung  tumors 
has  not  been  previously  reported. 

In  this  study,  we  therefore  tested  the  ability  of  im¬ 
proved  extruded  DOTAPtChol  cationic  liposomes  to  de¬ 
liver  the  therapeutic  tumor  suppressor  genes  p53  and  frag¬ 
ile  histidine  triad  (FHIT)  to  primary  and  disseminated 
experimental  metastatic  murine  and  human  lung  tumors 
and  compared  with  conventional  liposomes.  We  chose 
the  p53  gene  because  it  is  the  most  commonly  mutated 
gene  identified  to  date  in  human  cancers  (8)  and  the  FHIT 
gene  because  its  aberrant  transcripts  as  well  as  the  lack  of 
detectable  Fhit  protein  have  been  frequently  observed  in  a 
variety  of  primary  tumors  and  their  derived  cell  lines, 
including  cancers  of  the  lung,  stomach,  breast,  colon, 
cervix,  and  the  head  and  neck  (9, 10) .  The  overall  frequen¬ 
cies  of  p53  and  FHIT  gene  alterations  in  small  cell  lung 
v  cancer  are  SO  and  80%,'  respectively,7 arid  in  non-small-cell 
lung  cancer,  approximately  55  and  40%  (9-11).  Further¬ 
more,  reintroduction  and  overexpression  of  the  wild-type 
p53  or  Fhit  protein  have  demonstrated  ability  to  suppress 
tumor  cell  growth  in  vitro  and  in  vivo  (12-15).  As  part  of 
this  study,  we  developed  xenograft  models  of  experimen¬ 
tal  metastases  with  human  lung  cancer  cells  that  did  not 
produce  wild-type  p53  or  Fhit  protein.  We  observed  that 
extruded  DOTAPtChol  cationic  liposome-mediated  gene 
delivery  effectively  transfected  both  primary  and  dissem¬ 
inated  murine  tumors  and  human  lung  tumor  xenografts, 
and  this  was  associated  with  suppressed  tumor  growth 
and  prolonged  animal  survival  with  minimal  toxicity. 

Methods 

Materials ,  All  lipids  (DOTAP,  DOPE,  cholesterol)  were  purchased  from 
Avanti.  Polar  Lipids  (Albaster,  AL).  Lipofectamine  (DOSPA:DOPE),  RPMI 
1640  medium,  Ham’s/F12  medium,  and  fetal  bovine  serum  (FBS)  were 
purchased  from  GIBCO-BRL-Life  Technologies  (New  York,  NY).  DOTAP 
transfection  reagent  was  purchased  from  Roche  Molecular  Biochemicals 
(Indianapolis,  IN).  Polyclonal  rabbit  antihuman  FHIT  antibody  and  mouse 
antihuman  p53  monoclonal  antibody  (BP53.12)  were  obtained  from 
Zymed  Laboratories  (San  Francisco,  CA)  and  Santa  Cruz  Biotechnology, 
Inc,  (Palo  Alto,  CA),  respectively. 

Cell  lines  and  animals.  Human  non-small  cell  lung  carcinoma  cell  lines 
HI 299  {p53Punf FHIT— )  and  A549  {p53*fFH!T — }  were  obtained  from 
American  Type  Culture  Collection  and  maintained  in  RPMI  1640  and 
Ham’s/Fl2  media  supplemented  with  10%  FBS,  1%  glutamate,  and  anti¬ 
biotics.  Murine  fibrosarcoma  cell  line  UV2337m,  which  has  a  mutant  p53 
(16),  was  obtained  from  Dr.  Isaiah  j,  Pidier,  The  University  of  Texas  M.  D. 
Anderson  Cancer  Center,  and  maintained  in  Dulbecco’s  modified  Eagle’s 
medium  supplemented  with  10%  FBS.  Cells  were  regularly  passaged  and 
tested  for  presence  of  mycoplasma.  Four-  to  6-week~old  female  immuno¬ 
competent  C3H/HeNcr  mice  (National  Cancer  Institute,  Frederick,  MD), 
BALB/c  nude  (nu/nu)  mice  (Harlan-Sprague-Dawley  Inc.,  Indianapolis, 
IN),  and  SCID/Beige  mice  (Charles  River  Laboratories,  Wilmington,  MA) 
used  in  the  study  were  maintained  in  a  pathogen-free  environment  and 
handled  according  to  institutional  guidelines  established  for  animal  care 
and  use. 

Purification  of  plasmids.  The  plasmids  used  in  the  study  were  either 
purchased  {(3-ga/,  Clontech  Inc,,  Palo  Alto,  CA;  Luc,  Promega,  Madison, 
WI)  or  cloned  in  an  adenoviral  shuttle  vector  (p53 ,  FHIT,  and  CAT)  and 


purified  as  described  previously  (7,  17),  Briefly,  plasmids  carrying  the 
bacterial  {3-galactosidase  (Lac-Z),  firefly  luciferase  (Luc),  or  CAT  genes,  or 
human  p53  or  FHIT  cDNA,  under  the  control  of  cytomegalovirus  (CMV) 
promotor,  were  grown  under  ampicillin  or  kanamycin  selection  in  the 
Escherichia  coli  host  strain  DH5a.  Endotoxin  levels  of  purified  plasmids 
were  determined  using  the  chromogenic  Kmulus  amebocyte  lysate  kinetic 
assay  kit  (Kinetic-QCL,  Biowhiltaker,  Walkersville,  MD).  The  concen¬ 
tration  and  purity  of  the  purified  plasmid  DNAs  were  determined  by 
OD260/28o  ratios. 

Synthesis  of  liposomes  and  preparation  of  DNMiposome  mixtures ,  Lipo¬ 
somes  (DOTAP: Choi  and  DOTAP:DOPE)  were  synthesized  and  extruded 
through  Whatman  filters  (Kent,  UK)  of  decreasing  size  (1,0,  0.45,  0,2,  and 
0.1  pm)  as  described  previously  (7).  DNA:  liposome  complexes  were  pre¬ 
pared  fresh  2  to  3  h  before  tail  vein  injection  in  mice.  Briefly,  DOTAP:Chol 
(20  mM)  or  DOTAP:DOPE  (20  mM)  stock  solution  and  stock  DNA  solution 
diluted  in  5%  dextrose  in  water  (D5W)  were  mixed  in  equal  volumes  to 
give  a  final  concentration  of  4  mM  DOTAP:Chol-150  pg  DNA  in  300  >1 
final  volume  (ratio  1:2.6),  All  reagents  were  diluted  and  mixed  at  room 
temperature.  Reagents  were  gently  mixed  in  a  L5-ml  Eppendorf  tube  by 
pipetting.  The  DNA  solution  was  added  at  the  surface  of  the  liposome  and 
mixed  rapidly  up  and  down  twice  with  the  pipet  tip.  The  DNAdiposome 
mixture  thus  prepared  was  precipitate  free  and  used  for  all  in-vivo  experi¬ 
ments.  The  DOTAP-DNA  liposome  complex  and  lipofectamine-DNA  li¬ 
posome  complex  were  prepared  according  to  manufacturer’s  guidelines. 

Particle  size  analysis .  Freshly  prepared  DNAdiposome  complexes  were 
analyzed  for  mean  particle  size  using  the  N4  particle  size  analyzer  (Coulter, 
Miami,  FL).  The  average  mean  particle  size  of  the  DNAdiposome  com¬ 
plexes  ranged  between  300-325  nm. 

In  vivo  transfection  efficiency  in  normal  lung,  subcutaneous  tumors ,  and 
tumor-bearing  lungs .  Before  the  start  of  the  experiment,  nu/nu  mice  were 
subjected  to  3.5  Gy  of  total  body  irradiation  to  increase  tumor  uptake 
using  a  cesium  source  according  to  institutional  guidelines.  Mice  were 
then  injected  with  p53  gene-null  HI 299  tumor  cells  [5  X  106/100  pi  of 
phosphate-buffered  saline  (PBS)]  subcutaneously  on  the  right  flank.  When 
the  tumors  reached  4-5  mm2  in  size,  a  single  dose  of  DGTAP:Chol-DNA 
complex  (100  pg  of  Lac-Z  DNA)  was  injected  intratumorally.  Forty-eight 
hours  after  injection,  mice  were  euthanized  by  C02  inhalation,  and  tu¬ 
mors  were  removed  and  analyzed  histochemically  for  p-galactosidase  ex¬ 
pression  (18).  Tumors  were  cut  into  4 -pm  sections,  stained  for  p-galacto- 
sidase,  and  evaluated  by  fight  microscopy. 

Expression  of  the  p53  and  Fhit  proteins  in  tumors  was  determined  by 
Western  blot  analysis.  Briefly,  subcutaneous  Hi 299  tumors  injected  intra¬ 
tumorally  with  DOTAP:Chol-DNA  complex  (100  pg  of  Lac-Z,  CAT,  p53. ,  or 
FHIT  DNA)  were  harvested  48  h  after  treatment  and  homogenized  in 
Laemmli  buffer.  Protein  concentrations  were  determined  by  using  Bio-Rad 
protein  assay  reagent  (Bio-Rad,  Fremont,  CA),  and  50  pg  of  total  protein 
was  analyzed  by  sodium  dodecyl  sulfate  (SDS) -polyacrylamide  gel  electro¬ 
phoresis  (PAGE),  p53  and  Fhit  proteins  were  detected  using  mouse  anti¬ 
human  p53  antibody  (BP53.12)  and  rabbit  antihuman  FHIT  antibody  as 
described  previously  (15,  19,  20). 

To  determine  the  transfection  efficiency  of  the  liposome:DNA  com¬ 
plexes  in  normal  lungs,  C3H  mice  were  injected  with  DOTAP:  Chol-Lac-Z 
or  DOTAP:Chol-p53  via  tail  vein.  Forty-eight  hours  after  injection,  ani¬ 
mals  were  euthanized  by  C02  inhalation;  their  lungs  were  harvested  and 
either  snap  frozen  for  p-galactosidase  analysis  or  formalin  fixed  for  p53 
analysis.  Tissue  sections  were  cut  and  analyzed  histochemically  (fi-gal)  or 
immunohistochemically  (p53)‘  as  described  previously  (18,  19).  To  deter¬ 
mine  the  transfection  efficiency  of  the  complexes  in  lung  tumors  in  vivo, 
nude  mice  were  injected  with  1  x  106  A549  tumor  cells  suspended  in  200 
pJ  of  PBS  via  tail  vein.  Two  to  3  weeks  later,  a  single  dose  of  DOTAPtChol- 
Lac-Z  or  DOTAP:  Choi -FHiT  complex  (50  pg  DNA)  or  naked  plasmid  DNA 
(50  pg)  was  injected  via  tail  vein.  Lungs  were  harvested  48  h  later  and 
analyzed  for  protein  expression  by  histochemical  (p-gal)  or  immunohis- 
tochemical  (Fhit)  analysis  (18,  20). 

Tumor  growth  and  treatments  in  vivo.  Before  the  start  of  all  experiments 
involving  subcutaneous  tumor  growth  and  treatments,  nu/nu  mice  were 
irradiated  (3.5  Gy)  using  a  cesium  source  to  enhance  tumor  uptake.  In  all 
the  experiments,  5  X  106  tumor  cells  (HI 299,  A549)  suspended  in  100  pi 
sterile  PBS  were  injected  into  the  right  dorsal  flank.  When  the  tumor  had 
reached  a  size  of  4  -5  mm2,  the  animals  were  randomized  into  groups  and 
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treatment  was  initiated.  Intratumoral  injections  were  performed  under 
anesthesia  using  methoxyflurane  (Schering-Plough,  Kenilworth,  NJ)  per 
institutional  guidelines.  Tumor  measurements  were  recorded  every  other 
day  without  knowledge  of  the  treatment  groups,  and  tumor  volumes  were 
calculated  by  using  the  formula  V  (mm3)  =  a  x  b?/2,  where  a  is  the  largest 
dimension  and  b  is  the  perpendicular  diameter  (21).  Antitumor  efficacy 
data  are  presented  as  cumulative  tumor  volumes  for  all  animals  in  each 
group  to  account  for  both  size  and  number  of  tumors. 

For  p53  experiments,  subcutaneous  HI 299  tumor-bearing  animals  were 
divided  into  three  groups  of  eight  animals.  Group  1  received  no  treatment. 
Group  2  received  naked  p53  plasmid  DNA  (100  pg/dose),  and  Group  3 
received  extruded  DOTAP:Chol-p53  complex  (100  pg/dose);  treatments 
were  given  daily  for  a  total  of  six  doses.  In  a  separate  but  parallel  experi¬ 
ment,  an  additional  control  group  was  included  that  received  a  complex  of 
extruded  DOTAP:Chol  with  an  irrelevant  DNA  plasmid  (pAd).  All  other 
experimental  conditions  and  treatment  schedules  were  identical. 

For  FHIT  experiments,  HI 299  and  A549  subcutaneous  tumors  were 
established  in  nude  mice.  For  each  tumor  type,  four  treatment  groups  were 
established  comprising  seven  animals  per  group.  Group  1  received  no 
treatment.  Group  2  received  FHIT  plasmid  DNA  (100  pg/dose),  Group  3 
received  extruded  DOTAP: Choi -CAT complex  (100  pg/dose),  and  Group  4 
received  extruded  DOTAP:Chol-FH/T  complex  (100  pg/dose).  Animals 
were  treated  daily  for  a  total  of  six  doses.  In  all  experiments,  the  statistical 

significance  of  changes  in  tumor  size  was  determined  by  using  the  Stu- 

. .  '  — '  —  "  -  "  < 

Establishment  of  lung  metastases  and  their  treatments  in  vivo.  To  establish 
lung  metastases,  female  SCID/Beige  mice  were  injected  via  tail  vein  with 
106  HI  299  tumor  cells  suspended  in  200  pi  of  sterile  PBS.  Three  days  later, 
the  mice  were  divided  into  nine  groups  and  treated  as  follows:  no  treat¬ 
ment  (Group  1),  naked  p53  plasmid  DNA  (Group  2),  DOTAP-DOPE-p53 
complex  (Group  3),  extruded  DOTAP:ChoI- CAT  complex  (Group  4),  non- 
extruded  DOTAP:Chol -p53  complex  (Group  5),  extruded  DOTAP:Chol- 
p53  complex  (Group  6),  empty  liposome  (Group  7),  lipofectamine-p53 
complex  (Group  8),  and  DOTAP:p53complex  (Group  9),  There  were  eight 
mice  in  each  group.  All  treatments  comprised  50  pg  of  plasmid  DNA  or  50 
DNAdiposome  complex  and  were  administered  via  tail  vein  using  a 
27-gauge  needle  daily  for  a  total  of  six  doses.  Two  weeks  following  the  last 
dose,  animals  were  euthanized  by  C02  Inhalation.  Lungs  from  each  of  the 
mice  from  the  nine  groups  were  injected  intratracheally  with  India  ink  and 
fixed  in  Feketes  solution  (22).  The  therapeutic  effect  of  systemic  p53  gene 
treatment  was  determined  by  counting  the  number  of  metastatic  tumors 
in  each  lung  under  a  dissecting  microscope  without  knowledge  of  the 
treatment  groups.  The  data  were  analyzed,  and  differences  among  groups 
were  interpreted  as  statistically  significant  if  the  P  value  was  <0.05  by  the 
Mann- Whitney  rank-sum  test. 

To  determine  the  therapeutic  effect  of  the  p53  and  FHIT  tumor  suppres¬ 
sor  genes  on  lung  tumor  cells  expressing  wild-type  p53,  mice  (nu/nu)  were 
injected  with  A549  tumor  cells  (1  X  10s)  via  tail  vein.  On  day  6  after 
injection,  mice  were  divided  into  groups  (/?  —  8  or  8  animals  per  group)  for 
treatment.  Group  1  received  no  treatment;  Group  2  received  p53  or  FHIT 
plasmid  DNA;  Group  3  received  extruded  DOTAP :  Choi  -  CA  T  complex; 
Group  4  received  extruded  DOTAP:  Chol-p53  complex  or  DOTAP;Chol- 
FHIT  DNAdiposome  complex;  Group  5  received  lipofectamine-p53  DNA: 
liposome  complex;  Group  6  received  empty  liposome.  Animals  were 
treated  daily  for  a  total  of  six  doses  (50  pg/dose).  Following  the  last  dose, 
mice  were  euthanized,  and  the  therapeutic  effects  of  the  p53  and  FHIT 
DNAdiposome  complexes  were  determined  as  described  above  for  the 
H1299/SCID/Beige  model. 

As  a  syngeneic  lung  tumor  model,  C3H  mice  were  injected  with  murine 
UV2237m  fibrosarcoma  cells  (1  X  106)  and  divided  into  nine  groups  (n  = 
5/group).  Six  days  after  injection,  animals  were  treated  as  follows:  no 
treatment,  empty  liposome,  p53  plasmid  DNA,  DOTAP -p53  complex,  li- 
pofectamine-p53  complex,  DGTAP:DOPE-p53  complex,  nonextruded 
DOTAP:Chol-p53  complex,  extruded  DOTAP: Choi- CAT  complex,  or  ex¬ 
truded  DOTAP:Chol-p53  complex.  Treatment  schedule  and  analyses  of 
•therapeutic  effect  were  the  same  as  described  above  for  the  HI 299  and 
A549  models. 

Gene  expression  and  therapeutic  efficacy  of  single  and  multiple  treatments  in 
lung  tumor-bearing  animals.  For  evaluation  of  gene  expression,  UV2237m 
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lung  tumor-bearing  C3H  mice  were  divided  into  three  groups.  One  group 
was  not  treated;  the  others  were  treated  with  one  dose  of  extruded  DOTAP: 
Chol-Luc  complex  or  three  daily  doses  of  the  same  complex  (50  pug  DNA/ 
dose).  Lungs  were  harvested  48  h  after  injection,  and  the  protein  was 
extracted  and  analyzed  for  luciferase  activity  using  the  luciferase  assay  kit 
(Promega,  Madison,  WI).  Luciferase  activity  was  expressed  as  relative  light 
units  (RLU)  per  milligram  of  protein. 

To  determine  the  therapeutic  efficacy  of  repeated  treatments,  UV2237m 
tumor-bearing  animals  were  divided  into  groups  (n  =  7/group).  Treat¬ 
ments  comprised  no  treatment,  one  dose  of  extruded  DOTAP:  Chol-p53 
complex,  or  six  dally  doses  of  the  same  complex  (50  {jug  DNA/dose).  Lungs 
were  harvested  2  weeks  after  the  last  treatment,  and  the  number  of  tumor 
nodules  counted  as  described  earlier. 

p53  effects  on  tumor  cells.  After  subcutaneous  HI  299  tumors  established 
in  nu/nu  mice,  the  mice  were  separated  into  groups;  one  group  was  not 
treated;  a  second  was  treated  with  p53  plasmid  DNA,  and  a  third  with  p53 
DNAdiposome  complex.  The  tumors  were  then  harvested  and  fixed  in  4% 
buffered  formalin,  paraffin  embedded,  and  cut  in  4-pm  sections.  Tissue 
sections  were  stained  for  p53  gene  expression  as  previously  described  (13, 
23).  The  tumor  cells  staining  positive  for  p53  were  analyzed  under  bright 
field  microscopy  and  quantitated  without  knowledge  of  the  treatment 
groups.  At  least  five  fields  per  specimen  were  analyzed.  To  determine  the 
fate  of  tumorcdls  fullomirg-treaumcnc,  sections-  of  subcumik£ous  tumors 
and  tumor-bearing  lungs  were  stained  for  apoptotic  cell  death  with  termi¬ 
nal  deoxynucleotide  transferase  (Tdt)  (Boehringer  Mannheim)  and  coun- 
terstained  with  methylene  blue  or  methyl  green  as  described  previously 
(13,  23).  In  all  the  staining  procedures,  appropriate  negative  controls  were 
included. 

Tumor  characteristics  alter  treatment  To  determine  the  therapeutic  effect 
of  the  p53  gene  on  metastatic  lung  tumors,  tumor-bearing  lungs  were 
harvested  from  nu/nu  mice  21  days  after  treatment  and  evaluated  his- 
topathologically  for  tumor  size,  viability,  and  mitotic  index.  Analysis  was 
done  by  a  pathologist  without  knowledge  of  the  treatment  groups. 

Animal  survival  after  treatment  To  determine  the  efficacy  of  systemic 
treatment,  survival  experiments  were  performed  using  the  two  metastatic 
lung  tumor  (HI 299,  A549)  models.  Briefly,  female  SCID/Beige  mice  were 
injected  with  106  HI  299  tumor  cells  via  the  tail  vein.  Six  days  later,  mice 
were  divided  into  four  groups  of  six  mice.  Group  1  received  no  treatment. 
Group  2  received  naked  p53  plasmid  DNA,  Group  3  received  extruded 
DOT  AP:Chol- CAT  complex,  and  Group  4  received  DOTAP:Chol-p53  com¬ 
plex.  In  a  separate  set  of  experiments;  two  additional  groups  were  tested, 
which  received  treatment  with  DOTAP:DOPE-p53  complex  or  nonex¬ 
truded  DOTAP;Chol-p53  complex.  The  treatment  schedule  consisted  of 
six  daily  injections  of  naked  plasmid  DNA  or  DNAdiposome  complex  in 
100  pi  volumes  (50  pg  DNA/dose),  Mice  were  monitored  daily  following 
the  last  injection.  Moribund  animals  were  euthanized  by  C02  inhalation. 
The  lungs,  heart,  liver,  spleen,  brain,  kidney,  colon,  ovaries,  pancreas,  and 
bone  were  removed  from  each  animal  and  analyzed  histopathologically 
for  the  presence  of  disseminated  tumors  and  treatment-associated  toxic 
effects.  Statistical  differences  in  actuarial  survival  curves  were  analyzed  by 
using  the  Kaplan-Meier  survival  estimation  and  Wilcoxon  signed-rank 
tests. 

The  A549  lung  metastatic  tumor  model  was  used  to  evaluate  the  effect  of 
the  DOTAP:Chol~p53  complex  on  tumors  that  have  the  wild-type  p53 
gene.  Briefly,  nu/nu  mice  were  injected  with  106  A549  tumor  cells  via  the 
tail  vein.  Six  days  later,  mice  were  divided  into  four  groups  of  seven  mice 
each.  The  experimental  conditions  and  treatment  schedule  were  identical 
to  those  used  for  the  H1299-SCID/Beige  lung  tumor  model.  The  effect  of 
DOTAP:ChoI-p53  DNAdiposome  complex  on  survival  was  calculated  by 
using  the  Kaplan-Meier  survival  estimation  and  the  Wilcoxon  signed-rank 
tests. 

Statistical  analysis.  The  statistical  significance  of  the  experimental  results 
was  calculated  using  Student's  /  test  for  tumor  measurements,  the  Mann- 
Whitney  rank-sum  test  for  lung  metastases,  and  the  Wilcoxon  log-rank 
test  and  Kaplan-Meier  survival  test  for  animal  survival. 
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FIG.  1.  In  vivo  transfection  efficiency  in  normal  lung,  subcutaneous  tumor,  and  metastatic  lung  tumors.  (A)  Female  C3H  mice  were  injected  via  the  tail  vein 
with  either  50  of  naked  plasmid  DNA  ( Lac-Z  or  p53)  or  50  pg  of  plasmid  DNA  (Lac-Z or  p53)  complexed  to  liposomal  DOTAP:ChoI.  Forty-eight  hours  after 
injection,  lungs  were  harvested  and  analyzed  for  protein  expression  using  histochemical  (Lac-Z)  and  immunohlstochemica!  (p53)  methods.  Alveolar  epithelial 
(Epi)  cells,  endothelial  (End)  cells,  and  macrophages  (Mac)  of  the  lung  from  animals  injected  with  DOTAP;Choi-DNA  complexes  showed  gene  expression,  while 
those  from  animals  injected  with  plasmid  DNA  showed  no  gene  expression.  This  figure  shows  the  production  of  jB-galactosidase  in  lung  tissue  from  an  animal 
treated  with  DOTAP:Chol-Lac-Z  complex  at  low  (a)  and  high  (b)  magnification.  Lung  from  a  control  animal  treated  with  p53  plasmid  DNA  is  shown  in  c.  Lung 
from  an  animal  treated  with  DOTAP:Chol -p53  produced  p53  protein  (d).  (B)  Subcutaneous  HI  299  tumors  established  in  m/m  mice  given  a  single  intratumoral 
injection  of  DOTAP:Chol  liposome  complexed  to  Lac-Z,  CAT ,  or  FHIT plasmid  DNA  (50  pg).  Forty-eight  hours  later,  tumors  were  removed  and  underwent  either 
X-gal  staining  for  0-galactosidase  expression  or  Western  blot  analysis  for  Fhit  protein  production.  A  total  of  25%  of  tumor  cells  treated  with  Lac-Z  produced 
^-gatactosidase  (e).  Fhit  protein  (f,  lanes  1  and  2)  production  was  demonstrated  in  tumors  treated  with  FHIT,  Lane  3  (f)  represents  tumors  from  animals  treated 
with  DQTAPtChol -CAT,  Lane  4  (f)  represents  the  positive  control  for  Fhit  protein.  (C)  A549  lung  tumor-bearing  nude  mice  were  injected  with  DOTAP:Chol 
liposome  complexed  to  Lac-Z  or  FHIT  DNA  (50  pg)  via  the  tail  vein,  and  the  lung  tumors  were  analyzed  for  protein  expression  48  h  later.  p-Galactosidase 
production  (g)  and  Fhit  production  in  lung  tumors  are  shown  at  low  (h)  and  high  magnification  (i).  Arrows  denote  cells  expressing  transgene. 
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FIG.  2.  DOTAP:Chol -p53  complex  suppress  growth  of  subcutaneous  human 
lung  cancer  xenografts.  Subcutaneous  HI 299  tumor-bearing  mice  were  di¬ 
vided  into  three  groups  (8  animals/group)  and  treated  daily  for  a  total  of  six 
doses  (100  pg/dose),  as  follows:  no  treatment  (•),  p53  plasmid  DNA  (□)  and 
DOTAP;Chol-p53  DNA:liposome  complex  (■)  (A);  no  treatment  (•),  DOTAP: 
Choi -pAd  complex  (□)  and  DOTAP:Chol -p53  complex  {■)  (B).  Tumors  were 
measured  by  using  calipers,  and  the  statistical  significance  of  size  changes  was 
calculated  using  Student’s  f  test.  Each  time  point  represents  the  mean  tumor 
volume  for  each  group.  Bars  represent  standard  errors. 


Results 


In  Vivo  Transfection  in  Normal  Lung,  Primary r  Lung 
Tumor  Xenografts ,  and  Experimental  Metastatic 
Lung  Tumors 

We  determined  the  ability  of  extruded  DOTAPrChol  lipo¬ 
somes  to  effectively  transfect  and  deliver  plasmid  DNA 
into  normal  lung,  subcutaneous  lung  tumor  xenografts, 
and  experimental  metastatic  lung  tumors  by  using  expres¬ 
sion  plasmids  encoding  the  bacterial  p-galactosidase 
(Lac-Z  gene)  or  the  human  p53  or  Fhit  protein.  Forty- 
eight  hours  following  a  single  tail  vein  injection  of  DOT- 
AP:Chol  liposomes  complexed  with  Lac-Z  plasmid  DNA 
or  human  p53  plasmid  DNA,  alveolar  epithelial  cells  (type 
II  pneumocytes)  and  endothelial  cells  in  the  lung  were 
observed  to  produce  (3-galactosidase  (Figs,  la  and  lb)  or 
p53  protein  (Fig.  Id).  Few  alveolar  macrophages  expressed 
the  transgene.  In  contrast,  no  gene  expression  was  ob~ 
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■  No  treatement 

■  p53  plasmid 

H  DOTAP:ChoI-p53  DNA:tiposome 

FIG,  3,  pS3  gene  expression  and  apoptotic  cell  death  following  treatment  with  the  DOTAP:Chol-p53  complex.  Subcutaneous  H1299  tumors  from  animals 
receiving  no  treatment  (a),  p53  plasmid  (b,  e,  f),  or  the  DOTAP:Chol-p53  complex  (c,  g,  h)  were  harvested  48  h  after  treatment.  p53  protein  production  was 
Sfd ,  y  lmmunohlstochemistry  & 1>,  c)  and  (B)  apoptotic  cell  death  by  TUNEl  staining  (e,  f,  g,  h).  The  percentages  of  cells  producing  the  p53  protein 
(39/6)  (d)  and  undergoing  apoptotic  cell  death  (32%)  (i)  in  tumors  receiving  the  DOTAP:Chol-p53  complex  were  significantly  (P=  0  001)  hiqher  than  the 
percentages  of  ceils  in  the  no  treatment  and  p53  plasmid  treatment  groups. 
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served  in  animals  injected  with  naked  p53  plasmid  DNA 
(Fig.  lc). 

To  determine  whether  gene  expression  could  also  be 
achieved  in  solid  primary  tumors,  human  HI 299  lung 
tumors  were  established  subcutaneously  in  nude  mice. 
Forty-eight  hours  following  a  single  intratumoral  injec¬ 
tion  of  DOTAP.Chol -LacZ  complex,  25%  of  the  tumor 
cells  produced  (3-gaiactosidase,  as  shown  by  histochemi- 
cal  staining  (Fig.  le).  In  contrast,  no  (5-galactosidase  pro¬ 
duction  was  observed  in  the  untreated  control  tumors. 
Intratumoral  injection  of  DOTAP:Chol -FHIT  resulted  in 
production  of  Fhit  protein,  as  determined  by  Western  blot 
analysis  (Fig.  If).  Tumor-bearing  animals  injected  with 
DOTAP:Chol  -CAT  (Fig.  If)  served  as  controls.  Similarly, 
p53  protein  expression  was  observed  by  Western  blot 
analysis  (data  not  shown). 

The  ability  to  transfect  experimental  human  A549  lung 
metastatic  tumors  established  in  nude  mice  was  also  eval¬ 
uated.  A  single  tail  vein  injection  of  DOTAP:Chol-Iac-Z 
or  DOTAP:Chol-FH/7  into  lung  tumor-bearing  mice  re¬ 
sulted  In  10%  of  the  tumor  cells  producing  p-galactosi¬ 
dase  (Fig.  lg)  or  Fhit  protein  (Figs,  lh  and  li)  at  48  h. 

In  Vivo  Local  Tumor  Growth  Suppression 
by  p53  and  FHIT 

We  assessed  the  ability  of  the  DOTAP:Chol-p53  com¬ 
plex  to  suppress  the  growth  of  p53  gene-null  HI 299  hu¬ 
man  lung  subcutaneous  tumors  in  nu/nu  mice.  Treatment 
of  tumor-bearing  mice  with  the  DOTAP:Chol-p53  com¬ 
plex  inhibited  tumor  growth  significantly  (P  =  0.001) 
(Fig.  2A)  compared  with  tumor  growth  in  the  control 
groups. 

To  further  demonstrate  the  specific  tumor-suppressive 
effects  of  the  p53  gene  delivered  by  DOTAPrChol  lipo¬ 
somes,  we  performed  a  separate  set  of  experiments  in 
which  subcutaneous  H1299  tumor-bearing  animals  were 


divided  into  three  groups,  one  receiving  no  treatment, 
one  treatment  with  DOTAPtChol  liposome  complexed  to 
irrelevant  plasmid  DNA  (pAd ),  and  one  treatment  with 
the  DOTAP:Chol-p53  complex.  No  significant  inhibition 
of  tumor  growth  was  observed  in  animals  that  were  either 
not  treated  or  treated  with  the  DOTAP:Chol-pAd  com¬ 
plex  (Fig.  2B).  In  contrast,  animals  treated  with  the 
DOTAP:Chol-p53  complex  showed  significant  tumor 
growth  inhibition  (F  =  0.01). 

Further  evidence  that  the  observed  therapeutic  effect 
was  due  to  p53  gene  expression  was  obtained  by  removing 
subcutaneous  tumors  48  h  after  injection  and  analyzing 
them  for  p53  gene  expression  by  immunohistochemistry. 
p53  gene  expression  was  seen  in  39%  of  tumor  cells  in 
animals  receiving  the  DOTAP;Chol-p53  complex  (Figs.  3c 
and  3d)  (F  =  0.001),  a  significantly  higher  number  than  in 
the  animals  that  were  either  not  treated  (Fig.  3a)  or  treated 
with  p53  plasmid  DNA  (Fig.  3b).  Analysis  of  apoptotic 
tumor  cell  death  by  TUNEL  studies  showed  that  32%  of 
the  tumor  cells  in  mice  receiving  the  DOTAP:Chol-p53 
complex  were  positive  (F  =  0.001)  (Figs.  3g-3i),  whereas 
tumors  from  control  mice  showed  minimal  apoptotic  cell 
death  (Figs.  3e,  3f,  and  3i). 

The  therapeutic  effects  of  the  FHIT  tumor  suppressor 
gene  on  H1299  and  A549  subcutaneous  tumors  in  nude 
mice  were  similarly  evaluated.  Mice  bearing  tumors  of 
each  cell  type  were  divided  into  four  groups,  one  receiving 
no  treatment,  a  second  treatment  with  naked  FHIT  plas¬ 
mid  DNA,  a  third  treatment  with  the  DOTAP:Chol-C4T 
complex,  and  a  fourth  treatment  with  the  DOTAPrChol- 
FHIT  complex.  A  significant  growth  inhibition  of  both 
HI 299  tumors  (F  =  0.02;  Fig.  4A)  and  A549  tumors  (F  = 
0.001;  Fig.  4B)  was  observed  in  mice  treated  with  the 
DOTAP:Chol-FH7T complex  when  compared  with  the  tu¬ 
mor  growth  in  the  three  control  groups  for  each  tumor 
type. 
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FIG.  5.  Inhibition  of  HI 299  lung  metastases  following  treatment  with  the  extruded  DOTAP:Choi-p53  complex.  HI  299  lung  tumor-bearing  SCID/Beige  mice 
were  either  not  treated  or  treated  daily  for  a  total  of  six  doses  (50  jig/dose)  with  p53  plasmid  DNA,  empty  liposome,  lipofectamine-p53  complex,  DOTAP-p53 
complex,  DOTAP:DOPE-p53  DNA:liposome  complex,  nonextruded  DOTAP:Chol-p53  complex,  extruded  DOTAP:Chol-CArcomplex,  or  extruded  DOTAP'Chol- 
p53  compiex.  Each  group  comprised  eight  animals.  Metastatic  tumor  growth  (P  =  0.001)  was  significantly  inhibited  in  mice  treated  with  extruded 
DOTAP:Ch°l-p53  complex  when  compared  with  growth  in  the  other  groups. 


In  Vivo  Efficacy  of  p53  and  FHIT  Liposome:DNA 

Complexes  for  Treatment  of  Experimental 

Lung  Metastases 

The  effectiveness  of  extruded  DOTAP:Chol  liposomes 
was  compared  to  those  of  nonextruded  DOTAP:Chol  li¬ 
posomes  and  other  conventional  liposome  formulations 
[DOTAP,  lipofectamine  (DOSPA;DOPE),  and  DOTAP: 
DOPE]  in  a  therapeutic  xenograft  model  of  human  lung 
metastases  using  HI 299  p53-null  human  lung  cancer  cells 
in  SCID/Beige  mice.  There  was  a  significantly  (P  <  0,001) 
lower  number  of  lung  metastases  in  mice  receiving  the 
extruded  DOTAP;  Chol-p53  complex  (Fig,  5)  than  in  mice 
receiving  no  treatment,  p53  plasmid  DNA,  empty  DOTAP: 
Choi  liposome,  DOTAP-p53  complex,  lipofectamine-p53 
complex,  extruded  DOTAP :Chol- CAT  complex,  DOTAP: 
DOPE-p53  complex,  or  nonextruded  DOTAP: Choi~p53 
complex.  Metastatic  tumor  growth  was  also  significantly 
(P  =  0.02)  inhibited  in  animals  treated  with  the  extruded 
DOTAPrChol -CAT  complex  when  compared  with  tumor 
growth  in  mice  receiving  no  treatment,  p53  plasmid  DNA, 
empty  liposome,  lipofectamine-p53  DNAdiposome  com¬ 
plex,  or  the  DOTAP  :p53  complex. 

To  determine  if  the  observed  p53  gene-mediated  tumor 
inhibitory  effects  were  restricted  to  p53  gene-mutated  or 
-null  tumors,  we  studied  the  effects  of  the  DOTAP:Chol- 
p53  complex  in  A549  tumor  cells,  which  are  homozygous 
for  the  wild-type  p53  gene  and  form  lung  metastases 
following  tail  vein  injection  in  nu/nu  mice.  A  significantly 
lower  (P  =  0.001)  number  of  metastases  was  observed  in 
mice  treated  with  the  extruded  DOTAP :Chol-p53  com¬ 
plex  (Fig.  6)  than  in  control  mice  that  were  either  not 
treated  or  were  treated  with  p53  plasmid  DNA,  empty 
DOTAPrChol  liposome,  lipofectamine-p53  complex,  or 
DOTAPrChol -CAT  complex,  thus  eliminating  the  possi¬ 
bility  that  the  p53  gene-mediated  inhibition  was  limited 
to  p53  gene-mutated  or  null  tumors.  No  significant  differ¬ 


ences  were  observed  in  the  number  of  metastases  among 
the  control  groups. 

The  ability  of  the  FHIT  tumor  suppressor  gene  to  inhibit 
lung  metastases  formed  by  A549  tumor  cells  in  nude  mice 
was  also  evaluated.  A  significantly  lower  (P  =  0.007)  num¬ 
ber  of  tumor  metastases  was  observed  in  animals  treated 
with  the  DOTAP  ;Chol-FHIT  complex  (Fig.  7)  than  in  con¬ 
trol  animals  that  were  not  treated  or  were  treated  with 
FHIT  plasmid  DNA,  empty  DOTAPrChol  liposome,  lipo- 
fectamine-FH/T  complex  or  DOTAPrChol- CAT  complex. 
None  of  the  control  groups  showed  significant  reductions 
in  the  number  of  tumor  metastases. 


Repeated  Intravenous  Injections  of  DOTAP:Chol~DNA 
Complex  Increase  Gene  Expression  and 
Therapeutic  Efficacy 

To  determine  whether  repeated  intravenous  injections 
of  DOTAPrChol  complex  yield  greater  gene  expression 
and  thus  therapeutic  efficacy  than  single  injections, 
UV2237m  lung  tumor-bearing  immunocompetent  C3H 
mice  were  divided  into  three  groups;  one  group  was  not 
treated,  another  was  treated  with  one  dose  of  DOTAP: 
Chol-lue  complex  and  the  third  was  treated  daily  for  a 
total  of  three  doses  of  DOTAP: Chol-Jue  complex.  Analysis 
of  the  animal's  lungs  48  h  after  the  last  injection  demon¬ 
strated  a  2.5-fold  greater  (P  =  0.0004)  luciferase  activity  in 
the  animals  treated  with  three  doses  than  in  those  treated 
with  a  single  dose  (Fig.  8).  In  addition,  UV2237m  lung 
tumor-bearing  C3H  mice  that  received  repeated  daily 
treatment  with  DOTAP  ;Chol-p53  complex  for  a  total  of 
six  doses  demonstrated  a  significantly  lower  (P  -  0.0006) 
number  of  tumors  than  those  treated  with  only  a  single 
dose  of  DOTAP: Chol-p53  complex  or  no  treatment  (Fig. 
9). 
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FIG,  6.  Inhibition  of  A549  lung  metastases  following  treatment  with  the  extruded  DOTAP:ChoI-p53  complex,  A549  lung  tumor-bearing  nu/nu  mice  were  either 
not  treated  or  treated  daily  for  a  total  of  six  doses  {50  pg/dose)  with  p53  plasmid  DNA,  empty  liposome,  iipofectamine-p53  complex,  extruded  DOTAPiChoI-CAf 
complex,  or  extruded  DOTAP:Chot-p53  complex.  Each  group  comprised  eight  animals.  Metastatic  tumor  growth  ( P  =  0.001)  was  significantly  inhibited  in  mice 
tr33ted  with  extruded  DOTAPrChol -p53  complex  compared  with  growth  in  the  two  control  groups. 


Apoptotic  Cell  Death  in  Lung  Tumors  Treated 
with  DOTAP:Chol-p53  Complex 

To  determine  the  fate  of  tumor  cells  after  treatment 
with  the  DOTAPiChol -p53  complex,  A549  lung  tumors 
from  nu/nu  mice  were  analyzed  histologically,  and  apop¬ 
totic  cell  death  was  assessed  by  TUNEL  staining.  His¬ 
topathologic  examination  of  lung  sections  from  mice 
treated  with  the  DOTAP:Chol-p53  complex  showed  the 
presence  of  very  few  metastases;  those  that  were  present 
were  small  and  contained  only  a  few  viable  tumor  cells 
(Figs.  10C  and  10D),  In  addition,  the  number  of  tumor 
metastases  in  the  lungs  of  these  animals  was  significantly 
less  than  in  control  animals  (data  not  shown).  Further¬ 
more,  apoptotic  cell  death  had  occurred  in  these  tumors 


(Fig.  11B),  In  contrast,  lungs  from  control  mice  that  re¬ 
ceived  no  treatment  showed  several  large  tumors  with 
numerous  mitoses  (Figs,  10A  and  10B)  and  no  evidence  of 
apoptotic  cell  death  (Fig.  11  A), 

Inhibition  of  Murine  UV2237m  Lung  Metastases 
in  C3H  Immunocompetent  Mice  Following 
Treatment  with  DOTAP:Chol-p53  Complex 

To  evaluate  the  efficacy  of  repeated  treatments  with 
DOTAP:Chol-p53  complex  in  an  immunocompetent 
host,  groups  of  UV2237m  lung  tumor-bearing  C3H  mice 
were  either  not  treated  or  treated  with  p53  plasmid  DNA, 
empty  DOTAPrChol  liposome,  lipofectamine-p53  com- 
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FIG.  7.  Inhibition  of  A549  lung  metastases  following  treatment  with  DOTAP:Chot-f»7 complex.  A549  lung  tumor-bearing  nu/nu  mice  were  divided  into  six 
groups  and  treated  as  follows:  no  treatment  or  treatment  with  FHIT plasmid  DNA,  empty  liposome,  lipofectamine-FH/7 complex,  extruded  DOTAP:Chol-G47 
complex,  or  extruded  DOTAP:Chol-fH/rcomplex.  Treatments  were  given  daily  for  a  total  of  six  doses  (50  Mg/dose).  Each  group  comprised  six  animals  There 
were  significantly  fewer  lung  tumors  (P  =  0.007)  in  mice  treated  with  DOTAP:Chol-FW  complex.  In  all  the  experiments,  lungs  were  harvested  2  weeks  after 
the  last  treatment,  and  metastases  were  counted  without  knowledge  of  the  treatment  group.  Bars  denote  standard  errors. 
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FIG.  8.  Repeated  intravenous  injections  of  DOTAP:Chol-DNA  complex  in¬ 
creases  gene  expression.  UV2237m  lung  tumor-bearing  C3H  animals  were 
divided  into  three  groups;  one  group  was  not  treated,  one  was  treated,  with 
one  dose  of  DOTAP:ChoWuccomplex  (50  pig  DNA),  and  one  was  treated  with 
three  doses  of  DOTAP:Chol -fuc  complex  (50  ptg  DM  A/dose),  Lungs  were 
harvested  48  h  after  the  last  treatment  and  analyzed  for  luciferase  activity.  A 
2.5-fold  greater  level  of  gene  expression  (P  =  0,0004)  was  observed  in  animals 
treated  with  three  doses  than  in  animals  treated  with  a  single  dose.  Luciferase 
activity  is  expressed  as  relative  light  units  (RLU)  per  milligram  of  protein. 


plex,  DOTAP -p53  complex,  the  DOTAP  :DOPE-p53  com¬ 
plex,  nonextruded  DOTAP:Chol ~p53  complex,  extruded 
DOTAP:Chol-CAT  complex,  or  extruded  DOTAP:Chol- 
p53  complex.  Each  group  comprised  five  animals.  Analy¬ 
sis  of  the  number  of  tumor  nodules  in  each  mouse  2 
weeks  after  the  last  treatment  demonstrated  statistically 
significant  tumor  inhibition  (P  =  0.01)  in  mice  treated 
with  six  doses  of  extruded  DOTAP  :ChoI-p53  complex 
when  compared  with  any  of  the  other  groups  (Fig.  12), 
Significant  inhibition  (P  =  0.03)  was  also  observed  in 
animals  treated  with  nonextruded  DOTAP; ChoI-p53 
complex  when  compared  with  animals  receiving  no  treat¬ 
ment,  empty  liposome,  or  lipofectami ne-p53  complex. 
However,  tumor  inhibition  was  significantly  less  in  the 
group  treated  with  the  nonextruded  liposome: DNA  com¬ 
plex  than  in  the  group  treated  with  the  extruded  DNA: 
liposome  complex. 

DOTAP:Chol-p53  Prolongs  Survival  in  a  Mouse  Model 

of  Disseminated  Human  Lung  Cancer 

To  determine  the  efficacy  of  the  systemically  adminis¬ 
tered  extruded  liposomal  tumor  suppressor  gene  complex, 
survival  experiments  were  performed  in  the  HI 299  and 
A549  lung  metastasis  tumor  models,  HI 299  lung  tumor¬ 
bearing  SCID/Beige  mice  were  divided  into  four  groups  of 
six  mice,  as  follows:  no  treatment  (Group  1),  p53  plasmid 
DNA  (Group  2),  DOTAP: Choi- CAT  complex  (Group  3),  or 
DOTAP: Chol~p53  complex  (Group  4).  Animals  were  mon¬ 
itored  daily  following  the  last  treatment  to  assess  morbid¬ 
ity  and  mortality.  Mice  from  Groups  1,  2,  and  3  died  from 
the  tumor  burden  between  30  and  60  days  after  tumor  cell 
injection  (median  survival  times:  38  days  in  Group  1,  40 
days  in  Group  2,  and  41  days  in  Group  3).  In  contrast, 
mice  treated  with  the  DOTAP  :Chol-p53  complex  (Group 


4)  survived  for  a  significantly  longer  period  (median  sur¬ 
vival  time:  76  days;  P  =  0.001),  Moreover,  33%  of  mice 
from  Group  4  were  still  alive  on  day  150  at  the  end  of  the 
experiment  (Fig.  13A).  In  a  separate  set  of  experiments, 
additional  control  groups  were  tested  that  included 
DOTAP  ;DOPE-p53  complex  and  nonextruded  DOTAP; 
Chol-p53  complex,  but  neither  of  these  treatments  signif¬ 
icantly  (P  =  0.35)  prolonged  survival  (median  survival 
times;  44.8  days  and  43.7  days,  respectively,  when  com¬ 
pared  with  animals  that  were  either  not  treated  or  treated 
with  plasmid  DNA.  Again,  in  these  experiments,  treat¬ 
ment  with  extruded  DOTAP:  Chol-p53  complex  signifi¬ 
cantly  prolonged  (P  =  0,0002)  animal  survival  (median 
survival  time:  81.3  days)  (Fig.  13B).  Histopathologic  anal¬ 
ysis  of  organs  from  animals  In  all  the  groups  tested  that 
died  during  the  experiment  showed  no  treatment-related 
toxic  effects.  However,  all  had  dissemination  of  lung  tu¬ 
mors  to  multiple  organs  and  sites  that  included  cervical 
lymph  nodes,  intestine,  mesenteric  lymph  nodes,  liver, 
kidnev,  spleen,  pancreas,  adrenal  glands,  ovaries,  uterus, 
peritoneal  cavity  with  ascites,  and  in  all  cases  this  was  the 
cause  of  death  (Figs.  13C-13F). 

Survival  in  A549  lung  tumor-bearing  nufnu  mice  was 
also  evaluated.  Following  tumor  cell  injection,  animals 
were  divided  into  four  groups,  as  follows:  no  treatment 
(Group  1),  p53  plasmid  DNA  (Group  2),  DOTAP;Chol- 
CAT  complex  (Group  3),  or  DOTAP :Chol-p53  complex 
(Group  4).  The  treatment  schedule  was  identical  to  that 
followed  in  the  H1299/SCID/Beige  model.  Mice  in  Group 
4  had  significantly  longer  survival  (median  survival  time:, 
96  days;  P  =  0,04)  than  mice  in  the  three  control  groups 
(median  survival  times:  50  days  in  Group  1,  49  days  in 
Group  2,  and  52  days  in  Group  3)  (Fig,  14).  Histopatho¬ 
logic  analysis  of  various  organs  revealed  extensive  tumor 
spread  in  the  lungs  of  all  four  groups  of  animals,  but 


Control  Single  dose  Multiple  dose 


FIG.  9.  Repeated  intravenous  injections  of  DOTAP;Chol-DNA  complex  in¬ 
creases  therapeutic  efficacy.  U¥2237m  lung  tumor-bearing  C3H  mice  were 
divided  into  three  groups  {n  =  7/group);  one  group  was  not  treated,  one 
received  one  dose  of  DOTAP;Choi-p53  complex  (50  pg  DNA),  and  the  third 
group  received  six  daily  doses  of  DOTAP:Chol -p53  complex  (50  DNA/ 
dose).  Lungs  were  harvested  2  weeks  after  the  last  treatment,  and  the  tumor 
nodules  were  counted.  Significantly  ( P  =  0.0006)  fewer  tumors  were  observed 
in  animals  treated  with  six  doses  than  in  animals  that  were  not  treated  or 
treated  with  one  dose. 
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FIG.  10.  Histopathologic  analysis  of  A549  lung  metastases  treated  with  DOTAP:Chol-p53  complex.  Tumor  viability,  the  mitotic  index,  and  the  number  of 
tumors  were  analyzed  histologically  in  tumor-bearing  lungs  from  untreated  control  mice  and  from  mice  treated  with  OOTAP:Choi-p53  complex.  Many  viable 
tumors  with  high  mitotic  indices  were  observed  in  untreated  control  mice  (A,  8),  while  few  tumors  with  pyknotic  nuclei  were  observed  in  animals  treated  with 
the  DOTAP;Chol-p53  complex  (C,  D)  [magnification  =  X100  (A,  0)  and  X250  (B,  D)]. 

FIG.  11.  Systemic  treatment  of  A549  lung  metastases  with  DGTAP:Chof -p53  complex  induces  apoptosis.  Apoptotic  cell  death  in  A549  lung  tumors  from  mice 
untreated  (A)  or  treated  with  the  DOTAP:Cho \-p53  complex  (B),  as  determined  by  TUNEL  staining.  Arrows  indicate  tumor  cells  undergoing  apoptotic  cell  death 
(magnification  x250). 


dissemination  to  other  organs  was  not  observed  in  ani¬ 
mals  in  any  of  the  four  groups.  In  addition,  treatment- 
associated  toxic  effects  were  not  observed  in  animals  in 
any  of  the  four  groups. 

Discussion 

Local-regional  treatment  of  cancers  by  viral  vector-medi¬ 
ated  replacement  with  the  p53  tumor  suppressor  gene  has 
shown  success  (2-4),  However,  the  use  of  this  strategy  for 


the  systemic  treatment  of  disseminated  diseases,  such  as 
cancers  of  the  lung,  breast,  and  colon,  has  been  limited  by 
the  potential  for  vector-associated  toxicity  and  the  inabil¬ 
ity  to  efficiently  deliver  genes  to  the  target.  Recent  studies 
demonstrated  the  ability  of  extruded  DOTAP:Chol  cat¬ 
ionic  liposomes  to  deliver  genes  efficiently  to  systemic 
sites  with  minimal  vector-associated  toxicity  (7),  In  this 
study,  we  evaluated  the  ability  of  the  extruded  DOTAP: 
Choi  liposome  to  deliver  two  tumor  suppressor  genes,  p53 
and  FHIT,  and  the  efficacy  of  this  treatment  in  primary 
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FIG.  13.  Prolonged  survival  in  HI  299  lung  tumor  bearing  mice  treated  with  DOTAP:Chol-p53  complex.  Female  SCID/Beige  mice  were  injected  with  106  H1299 
tumor  cells  (six  animals/group)  via  the  tail  vein.  Groups  were  treated  daily,  as  follows:  no  treatment  (A),  p53  plasmid  DNA  {□),  treatment  with  the  DOTAPChol-CAF 
complex  (•),  DOTAP: DOPE-p53 complex  (0),  nonextruded  DOTAP:Chol-p53  complex  (O),  or  DOTAP:Chol-p53 complex  (A).  Animals  in  each  group  received  a  total 
of  six  daily  doses  (50  pg/dose)  and  were  monitored  daily  thereafter  to  assess  morbidity  and  mortality.  Animal  survival  was  estimated  by  using  the  Kaplan-Meier  and 
Wilcoxon  signed-rank  tests.  Survival  was  significantly  longer  in  HI  299  lung  tumor-bearing  animals  treated  with  the  DOTAP:Chol-p53  complex  (P  =  0  001)  than  in 
rontrol  animals  that  received  either  no  treatment  or  treatment  with  p53  plasmid  DNA  or  DOTAP:Choi-CAT complex  (A).  It  was  also  significantly  lonqer  (P  =  0  0002) 
than  in  control  animals  treated  with  DOTAP:DOPE-p53  complex  or  nonextruded  DOTAP:Chol-p53complex  (B).  HI  299  tumor-bearing  animals  receiving  no  treatment 
showed  tumor  dissemination  to  various  organs  and  tissues,  including  the  cervical  lymph  nodes  (C),  colon  (D),  mesentery  (E),  and  liver  (F).  Arrows  denote  tumors. 


and  disseminated  lung  tumors  of  murine  and  human 
origin. 

Before  testing  the  therapeutic  effect  we  determined  the 
toxicity  and  transfection  efficiency  of  the  DOTAPrChol- 
DNA  complexes  in  subcutaneous  tumors,  normal  lung, 
and  experimental  lung  metastases.  Liver  enzyme  profile 
and  histopathologic  analysis  demonstrated  no  significant 
liposome-DNA  complex  mediated  toxicity.  A  single  intra- 
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tumoral  injection  resulted  in  25%  of  tumor  cells  express¬ 
ing  the  transgene.  The  ability  to  deliver  and  mediate  high 
levels  of  gene  expression  throughout  solid  tumors,  albeit 
at  lower  levels  than  adenoviral  vectors,  following  a  single 
injection  has  not  been  previously  demonstrated.  Similarly 
the  type  of  cells  expressing  the  transgene  in  the  lung  has 
not  been  previously  determined  (7).  Our  study  showed 
that  the  transgene  was  expressed  primarily  in  the  alveolar 
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FIG.  12.  Inhibition  of  murine  UV2237m  lung  metastases  following  treatment  with  DOTAP:Chol-pS3  complex.  UV2237m  lung  tumor-bearing  C3H  mic 
■ednei  rtot  trsateu  or  treated  -dai.y  for  a  totai  of  six  dasci-  CSC-pg/duae)  with  p53  p[usr..:d  C71A,-  empty  Kposjma,  ii-pofeLtaniirie'-pJSxoniplevc  OGTv 


mice  were 
■DGT'AP~p53* 


complex,  DOTAP: DOPE-p53  complex,  nonextruded  DOTAP: Chol-p53  complex,  extruded  DOTAP:Chof-CAT complex,  or  extruded  DOTAP:  Chot-p53  complex" 
Each  group  comprised  five  animals.  The  number  of  tumor  nodules  was  significantly  lower  (P  =  0,01}  in  mice  treated  with  six  doses  of  extruded  DOTAP' Chol-p53 
DNArltposome  complex  than  in  the  other  groups.  Bars  denote  standard  errors. 


epithelia  of  type  II  pneumoeyte  origin  and  endothelial 
cells.  Few  alveolar  macrophages  also  expressed  the  trans¬ 
gene. 

The  ability  of  the  injected  DNAdiposome  complexes  to 
escape  the  reticuloendothelial  system  (RES)  and  be  ex¬ 
pressed  in  epithelial  cells  was  surprising,  since  previous 
studies  using  a  variety  of  formulations  have  demonstrated 
RES  to  be  a  major  target  for  liposomes  (24,  25),  Therefore, 
we  further  assessed  gene  expression  in  alveolar  macro¬ 
phages  of  Balb/c  mice  (data  not  shown).  The  plasmid  used 
in  these  experiments  contained  only  a  macrophage-spe¬ 
cific  promoter  and  enhancer  to  regulate  Lac-Z  expression. 


Intravenous  tail  vein  injection  of  DOTAP:Chol -Lac~Z 
complex  showed  little  or  no  LacZ  expression  in  the  lungs; 
low-level  expression  was  detected  infrequently  and  only 
at  high  doses  (100  |xg  of  DNA).  Therefore,  this  formula¬ 
tion  does  not  efficiently  transfect  macrophages  in  the 
lung  (data  not  shown).  The  mechanism  by  which  these 
DNAdiposome  complexes  escape  the  RES  system  is  not 
well  understood,  and  elucidation  of  the  mechanism  was 
beyond  the  scope  of  the  present  study. 

Similarly,  a  single  intravenous  injection  of  a  DNAdipo- 
some  complex  into  tumor  bearing  animals  resulted  in 
10%  of  tumor  cells  per  tumor  expressing  the  transgene. 


FIG.  14  Prolonged  survival  in  A549  lung  tumor  bearing  mice  treated  with  DOTAP:Chot-p53complex.  Female  BAlB/c  nu/numce  were  injected  with  106  A543 
animais^9rouPl  w  ttle  toil  vein-  Groups  were  treated  daily,  as  follows:  no  treatment  (A),  p53  plasmid  DNA  (□},  treatment  with  the 
DOTAP:Chol-CAr  complex  {•),  or  DOTAP:Choi~p53  complex  (A).  Animals  in  each  group  received  a  total  of  six  daily  doses  (50  pg/dose)  and  were  monitored 
daily  thereafter  to  assess  morbidity  and  mortality.  Animal  survival  was  estimated  by  using  the  Kaplan-Meier  and  Wilcoxon  signed-rank  tests  Survival  was 
significantly  longer  (P  =  0.04)  in  A549  lung  tumor-bearing  animals  treated  with  the  DOTAP;Chol -p53  complex  than  in  animals  from  control  groups 
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The  reason  for  the  discrepancy  observed  between  the  per¬ 
cent  of  tumor  cells  in  the  lung  and  in  subcutaneous  tu¬ 
mors  expressing  the  transgene  is  not  clear.  It  is  possible 
that  intratumoral  injection  leads  to  DNA  uptake  directly 
by  the  tumor  cells  while  systemic  delivery  leads  to  DNA 
uptake  through  another  mechanism,  possibly  leaky  tu¬ 
mor  vasculature.  Whatever  the  underlying  mechanism (s), 
the  ability  of  the  DNAiliposome  complexes  to  escape  the 
RES,  extravasate  through  endothelial  cell  junctions,  and 
be  expressed  in  tumor  cells  is  of  clinical  importance  in  the 
treatment  of  metastatic  cancer. 

We  also  determined  the  ability  of  these  complexes  to 
effectively  deliver  therapeutic  genes  and  mediate  tumori- 
cidal  effects  in  vivo .  Treatment  of  subcutaneous  tumors 
with  DOTAP:Chol-p53  or  -FHIT  DNA  complexes  resulted 
in  tumor  shrinkage  and,  in  some  cases,  complete  cures. 
The  possibility  that  the  observed  tumoricidal  effect  was 
due  simply  to  mechanical  disruption  or  liposomal  toxic¬ 
ity  was  eliminated  by  demonstrating  transgene  expres¬ 
sion  and  induction  of  apoptosis  in  distinct  regions  of  the 
tumors?  Furthermore,  treatment  with  empty  liposomes 
and  other  conventional  liposome:DNA  complexes  dem¬ 
onstrated  no  significant  tumor  inhibition  (data  not 
shown) . 

Although  treatment  of  subcutaneous  tumors  with 
DOTAP:Chol-FH/T  complex  inhibited  tumor  growth  in 
most  cases,  tumors  in  a  few  treated  animals  grew  slowly 
but  progressively.  When  treated  with  a  second  cycle  of  six 
doses,  3  weeks  after  the  first  cycle,  however,  tumors  in 
33%  of  these  animals  demonstrated  complete  regression, 
and  have  been  tumor  free  for  more  than  9  months  (data 
not  shown).  Despite  the  small  sample  number,  these  re¬ 
sults  indicate  the  feasibility  of  administering  multiple 
treatments  with  no  treatment  resistance. 

The  ability  of  the  extruded  DOTAP:Chol  DNA:liposome 
complexes  to  eliminate  lung  tumors  when  given  intrave¬ 
nously  was  then  compared  with  that  of  the  nonextruded 
complexes.  Repeated  treatments  with  extruded  DOTAP: 
Chol-p53  complex  significantly  reduced  the  number  of 
metastases,  compared  to  nonextruded  DOTAP:  Chol-p53, 
suggesting  that  extrusion  of  DOTAPrChol  liposome  is  an 
Important  component  for  its  function.  The  lack  of  resis¬ 
tance  to  repeated  treatments  observed  in  the  present 
study  was  surprising,  since  resistance  to  repeated  treat¬ 
ments  and  suppression  of  transgene  expression  has  been 
documented  previously  (26,  27).  One  possibility  is  that 
experiments  in  the  present  study  were  primarily  per¬ 
formed  in  immunodeficient  animals.  To  further  under¬ 
stand  this,  experiments  were  performed  in  syngeneic  lung 
tumor-bearing  C3H  mice.  Repeated  multiple  treatments 
resulted  in  a  significantly  greater  gene  expression  than  a 
single  treatment  Furthermore,  multiple  treatments  with 
DOTAP:Chol -p53  yielded  a  significantly  higher  therapeu¬ 
tic  efficacy  in  tumor-bearing  animals  than  single  treat¬ 
ment,  The  difference  between  the  results  observed  in  our 
study  and  those  observed  in  other  studies  reflects  the  type 
of  liposome  used  and  its  use  in  lung  tumor  bearing  animal 
models.  It  is  possible,  as  demonstrated  by  Lopez  etal  (28), 
that  the  inflammatory  response  is  suppressed  in  these 


tumor-bearing  animals  by  tumor-derived  factors  that  are 
not  present  in  tumor-nonbearing  animals,  thereby  allow¬ 
ing  greater  gene  expression. 

The  ability  of  DOTAPrChol- CAT  complex  and  the  con¬ 
ventional  liposome:  DNA  complex  (DOTAP:DOPE-p53) 
to  show  some  tumor-inhibitory  effects  is  not  surprising 
and  can  be  attributed  to  nonspecific  antitumor  activity  as 
observed  previously  with  the  use  of  other  cationic  lipo- 
some:DNA  complexes  (29-31).  To  further  differentiate 
the  observed  nonspecific  antitumor  activity  from  trans¬ 
gene-mediated  specific  antitumor  activity,  in  vivo  experi¬ 
ments  were  performed.  Treatment  of  UV2237m  lung  tu¬ 
mors  with  DOTAP  :Chol-p53  complex  resulted  in  a  very 
significant  tumor  inhibition  when  compared  to  treat¬ 
ments  with  other  cationic  liposomes  or  nonextruded 
DOTAP:Chol  liposomes.  These  results  indicate  that  the 
observed  tumor-inhibitory  activity  is  mediated  only  in 
part  by  the  transgene  (p53,  FHIT)  and  may  be  enhanced 
by  the  liposome:  DNA  mixture.  Furthermore,  histopatho¬ 
logic  analysis  rewaled  ^  that  DOTAP:Chol-p53-treated 
A549  tumors  had  beenleilrriinated^  by apoptotic  cell  death 
in  the  few  small  tumors  that  had  developed;  this  contrasts 
markedly  with  the  relative  lack  of  apoptotic  cell  death  in 
the  several  large  tumors  showing  numerous  mitoses  that 
developed  in  the  lungs  of  control  mice.  Similar  to  previ¬ 
ous  observations  (32,  33)  the  ability  to  eliminate  A549 
tumors  in  vivo  demonstrates  the  efficiency  of  using  exog¬ 
enous  wild-type  p53  to  suppress  tumors  with  endogenous 
wild  type  p53.  Similar  reduction  in  the  number  of  tumors 
when  treated  with  DOTAP:Chol-PH/T  complex,  indicates 
that  this  effect  is  not  restricted  to  a  single  tumor  suppres¬ 
sor  gene. 

To  further  evaluate  the  effects  of  extruded  liposomes  on 
disseminated  cancer,  animal  survival  experiments  were 
performed.  Repeated  treatments  with  DOTAP:ChoI-p53 
complex  significantly  prolonged  survival  in  HI 299  or 
A549  lung  tumor  bearing  mice.  In  particular  33%  of  the 
HI  299  tumor-bearing  animals  were  alive  at  the  end  of  the 
experiment  (150  days),  suggesting  that  tumor  cells  at  mul¬ 
tiple  metastatic  sites  were  totally  eliminated,  since  mice 
that  died  in  these  experiments  all  had  widely  dissemi¬ 
nated  metastases. 

It  is  interesting  that  the  degree  of  inhibition  of  tumor 
growth  appeared  to  exceed  the  inhibition  expected  from 
the  greater  transfection  efficiency  of  the  improved  lipo¬ 
somal  vector.  This  effect  has  been  attributed  to  p53  me¬ 
diated  bystander  effects,  and  several  mechanisms  acting 
in  concert  are  most  likely  responsible  for  the  bystander 
effect  (2,  3,  12,  34-40).  The  mechanism  by  which  FHIT 
exerts  its  tumor  suppressive  effect  is  currently  not  known. 
Reintroduction  of  FHIT  demonstrated  upregulation  of  p53 
and  p27  in  A549  cells  and  inhibition  of  tumor  angiogen¬ 
esis  in  both,  1299  and  A549  lung  tumors  (unpublished 
observations) .  On  the  basis  of  these  observations,  we  hy¬ 
pothesize  that  a  bystander  effect  similar  to  that  observed 
with  p53  might  exist. 

The  most  important  observation  from  the  study  pre¬ 
sented  here  is  that  extruded  DOTAP:Chol  liposome-me¬ 
diated  p53  and  FHIT  gene  delivery  can  suppress  tumor 
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growth  in  vivo  when  administered  locally  and  systemi- 
cally  and  that  this  activity  is  associated  with  no  toxic 
effects.  Our  studies  further  indicated  that  this  extruded 
liposomal  delivery  system  is  restricted  by  neither  gene  nor 
tumor  type.  Of  the  greatest  consequence  are  our  data 
indicating  that  extruded  DOTAP:Chol  cationic  liposome- 
based  tumor  gene  therapy  may  be  useful  either  alone  or  in 
combination  with  other  therapeutic  strategies  in  the 
treatment  of  human  cancers  in  vivo . 
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ABSTRACT 

A  group  of  candidate  tumor  suppressor  genes  (designated  CACNA2D2 , 
PL6, 101F6 ,  NPRL2,  BLU,  RASSFL  FUSlr  HYAL2 ,  and  HYAL1)  has  been 
identified  in  a  120-kb  critical  tumor  homozygous  deletion  region  (found  in 
lung  and  breast  cancers)  of  human  chromosome  3p2I,3.  We  studied  the 
effects  of  six  of  these  3p21 3  genes  (IQJF6,  NPRL2,  BLU ,  FUSL  HYAL2 , 
and  HYAL1)  on  tumor  cell  proliferation  and  apoptosis  in  human  lung 
cancer  cells  by  recombinant  adenovirus-mediated  gene  transfer  in  vitro 
and  f^undjhat  fqrced  expression  of  wjld-type  FUSIt  101  F6f 

and  NPRL2  genes  significantly  inhibited  tumor  cell  growth  by  induction  of 
apoptosis  and  alteration  of  cell  cycle  processes  in  3p21.3  120-kh  region- 
deficient  (homozygous)  H1299  and  A549  cells  but  not  in  the  3p213  120-kb 
region-heterozygous  H358  and  the  normal  human  bronchial  epithelial 
ceils.  Intratumoral  injection  of  Ad-101F6,  Ad-FUSl,  Ad-NPRL2,  and 
Ad-HYAL2  vectors  or  systemic  administration  of  protamine-eomplexed 
vectors  significantly  suppressed  growth  of  HI 299  and  A549  tumor  xe- 
nografts  and  inhibited  A549  experimental  lung  metastases  in  nu/nu  mice. 
Together,  our  results,  coupled  with  other  studies  demonstrating  a  tumor 
suppressor  role  for  the  RASSSF1A  isoform,  suggest  that  multiple  contig¬ 
uous  genes  in  the  3p21.3  120-kb  chromosomal  region  may  exhibit  tumor 
suppressor  activity  in  vitro  and  in  vivo . 


INTRODUCTION 

Lung  cancers  develop  after  a  multistage  process  involving  a  variety 
of  genetic  and  epigenetic  changes  in  dominant  oncogenes  and  TSGs3 
(1,  2).  Several  of  these  changes  can  be  found  in  smoking  damaged 
respiratory  epithelium  in  preneoplastic  lesions,  normal  appearing  ep¬ 
ithelium,  and  in  persons  even  before  lung  cancer  develops  (3-6).  In 
these  and  related  studies,  allelic  loss  of  chromosome  region  3p  (par¬ 
ticularly  3p2L3)  was  found  to  be  a  frequent  and  early  event  in  the 
development  of  several  cancers,  including  lung  and  breast  cancers 
(4-9).  Several  3p  genes  have  been  extensively  studied  and  include 
FHIT at  3pl4.2,  RARB  at  3p24,  and  VHL  at  3p25  (summarize  for  lung 
cancer  in  Ref.  1).  These  results  directed  an  intensive  TSG  search  of 
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the  3p2 1 .3  region  for  one  or  more  genes  that  could  function  as 
“gatekeepers”  in  the  molecular  pathogenesis  of  lung  cancer,  as  well  as 
several  other  human  cancers. 

Identification  of  nested  3p2 1 .3  homozygous  deletions  in  small  cell 
lung  cancers  and  a  breast  cancer  line  directed  positional  cloning 
efforts  to  a  630-kb  region,  which  was  narrowed  subsequently  to  a 
120-kb  subregion  by  a  breast  cancer  homozygous  deletion  (10,  11), 
This  defined  3p2L3  region  undergoes  allele  loss  in  —80%  of  primary 
-  ofpreneapiastic  o%  normal  .epithelial  samples . 

of  smoking-damaged  lung,  marking  it  as  one  of  the  first  sites  to  be 
involved  (6).  In  addition,  patients  whose  peripheral  blood  lympho¬ 
cytes  showed  greater  damage  in  this  3p21.3  region  after  in  vitro 
treatment  with  the  carcinogen  benzo-a-pyrene  diol  epoxide  had  an 
increased  risk  of  having  lung  cancer,  suggesting  the  potential  for 
genetic  polymorphisms  in  this  region  predisposing  to  lung  cancer 
development  (12).  The  630-kb  region  contains  >25  genes,  whereas  9 
genes  are  located  in  or  on  the  border  of  the  120-kb  3p21,3  region  (10). 
This  group  of  potential  TSGs  includes  CACNA2D2  (GenBank  no. 
AF040709),  PL6  (U09584),  101F6  (AF040704),  NPRL2  (AF040707), 
FUSJ  (AF055479),  BLU  (U70880),  RASSFJ  (AF040703,  RASSF1C 
and  AF 1 02770,  RASSF1A),  HYAL2  (U09577),  and  HYAL1  (U03056). 
The  RASSFJ  A  isoform  of  the  RASSFl  gene  has  been  studied  exten¬ 
sively  for  promoter  methylation  in  a  variety  of  tumors,  including  lung 
and  breast  cancer,  found  to  be  frequently  epigenetically  inactivated  in 
these  tumors,  and  shows  the  ability  to  suppress  lung  cancer  malignant 
growth  (13,  14).  The  FUSJ  gene  was  also  found  to  suppress  the 
growth  of  NSCLCs  in  vitro  (15).  However,  there  have  been  no 
detailed  tests  comparing  the  activity  of  several  of  the  genes  in  this 
small  region  or  in  testing  their  effect  on  lung  cancer  xenografts  (local 
tumors  or  metastases)  in  vivo .  At  the  start  of  the  search  for  a  3p21.3 
TSG,  everyone  expected  that  one  gene  would  be  found  that  frequently 
suffered  mutations.  However,  from  detailed  studies  of  the  genes  in  the 
region,  that  was  not  the  case  (10).  In  addition,  the  possibility  of 
haploinsufficiency  needed  to  be  considered.  Thus,  it  was  important  to 
further  define  the  tumor  suppressing  capability  of  these  genes  both  in 
vitro  and  in  vivo .  Such  identification,  which  is  the  focus  of  the  current 
report,  would  target  the  gene(s)  for  development  as  new  tools  for  the 
early  detection,  monitoring  of  prevention  efforts,  prognosis,  and  ther¬ 
apy  of  lung  and  other  cancers. 

In  this  study,  we  used  recombinant  adenoviruses  to  introduce  WT 
3p21.3  genes  into  NSCLC  tumor  celt  lines  or  tumor  xenografts,  where 
3p21.3  120-kb  region  genes  are  either  heterozygous  or  homozygous  to 
characterize  their  potential  tumor  suppressing  function  in  vitro  and  in 
vivo.  We  demonstrate  that  introduction  of  individual  WT  3p2L3 
genes  by  recombinant  adenoviral  vector-mediated  transfer  into  lung 
cancer  ceils  with  loss  of  heterozygosity  at  the3p2L3  120-kb  region 
inhibited  tumor  cell  growth  and  induced  apoptosis  in  vitro.  Moreover, 
intratumoral  injection  of  recombinant  adenoviral  vectors  containing 
WT  3p21.3  genes  significantly  suppressed  growth  of  human  NSCLC 
xenografts,  whereas  systemic  administration  of  protamine-eomplexed 
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adenoviral  vectors  of  3p2 1 .3  genes  efficiently  inhibited  development 
of  experimental  metastases  of  lung  cancer  cells  in  xenograft  mouse 
models.  Together,  our  results  strongly  suggest  that  multiple  contigu¬ 
ous  genes  in  the  3p21.3  chromosomal  region  may  function  as  TSGs  in 
vitro  and  in  vivo . 


MATERIALS  AND  METHODS 

Cell  Lines  and  Celt  Culture.  Four  human  NSCLC  cell  lines  with  varied 
3p2L3  and  p53  gene  status,  A549  (homozygous  for  multiple  3p21.3  region 
markers  and  WT  p53\  NCI-H1299  (homozygous  for  multiple  3p2L3  region 
markers  and  homozygous  deletion  of  p53)t  NC1-H358  (retained  heterozygosity 
of  multiple  3p2L3  region  markers  and  homozygous  deletion  of  p53)}  and 
NC1-H460  (homozygous  for  multiple  3p21.3  region  markers  and  WT p53\  and 
a  normal  HBEC  line,  were  used  for  in  vitro  and  in  vivo  experiments.  The 
multiple  3p21 3  polymorphic  markers  that  were  used  for  typing  the  lung  cancer 
lines  are  located  in  the  630-kb  homozygous  deletion  region  in  which  the 
120-kb  region  containing  the  six  genes  studied  in  this  report  reside  and  have 
been  described  previously  (16).  The  homozygosity  of  multiple  markers  is 
consistent  with  loss  of  heterozygosity  in  this  region.  In  this  report,  lung  cancer 
cell  lines  with  such  homozygosity  are  referred  to  as  “3p2 1 .3-deficient”  cells. 
The  A549  line  was  maintained  in  Ham’s  F12  medium  supplemented  with  10% 

^  r  CS,'  1 2997  H358f  &ri9  H460 ~  lines'  Werd '  maintained  3n ~  RPM 1 1 640 r' 

supplemented  with  10%  FCS  and  5%  glutamine.  Normal  HBECs  were  ob¬ 
tained  from  Clonetics,  Inc.  (Walkersville,  MD)  and  cultured  in  the  medium 
supplied  by  the  manufacturer  according  to  the  instructions  provided. 

Construction  of  Recombinant  Ad-3p21,3  Gene  Vectors.  The  recombi¬ 
nant  Ad-3ps  were  constructed  using  our  recently  developed  ligation-mediated 
plasmid  adenovirus  vector  construction  system,  named  herein  pAd-RAP  and 
pAd-RAP-Shuttle  (detailed  structures  of  plasmids  will  be  provided  on  request). 
The  3p2L3  genes  were  assembled  as  a  mammalian  expression  cassette  that  is 
driven  by  a  cytomegalovirus  promoter  and  tailed  with  Bovine  Growth  Hor¬ 
mone  poIy(A)  signal  sequence.  The  resulting  Ad-3p  vectors  were  named 
Ad-101F6,  Ad-NPRL2,  Ad-BLU,  Ad-RASSFIC,  Ad-FUSl,  Ad-HYALl,  and 
Ad-HYAL2.  Sequences  of  3p21,3  genes  in  the  viral  vectors  were  confirmed  by 
automated  DNA  sequencing.  A  vector  expressing  GFP  gene  (Ad-GFP),  and  a 
vector  carrying  the  ^galactosidase  gene  LacZ  (Ad-LacZ),  were  used  to 
monitor  efficiency  of  transduction  by  the  viral  vectors  and  as  nonspecific 
transgene  expression  controls.  Ad-EV,  an  El -deleted  empty'  vector,  was  used 
as  a  negative  control.  Ad-p53,  a  vector  containing  the  WT  p53  gene,  was  used 
as  a  positive  tumor  suppressor  control.  Viral  titers  were  determined  by  both 
absorbance  measurement  (Le„  vp/ml)  and  plaque  assay  (i.e.}  pfu/ml). 

Cell  Viability'  Assay.  Inhibition  of  tumor  cell  growth  by  treatment  with 
various  Ad-3p  vectors  was  analyzed  by  quantitatively  determining  cell  viabil¬ 
ity  using  an  improved  2i3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazoli- 
um-5-carboxsnilide  inner  salt  (XTT)  assay  (Roche  Molecular  Biochemicals, 
Indianapolis,  IN;  Ref.  17)  as  described  previously  (18).  Percentage  of  cell 
viability  was  calculated  in  terms  of  the  absorbency  of  treated  cells  relative  to 
the  absorbency  of  untreated  control  cells.  Experiments  were  repeated  at  least 
three  times  with  quadruplicate  samples  for  each  treatment  in  each  individual 
experiment. 

Analysts  of  Apoptosis  and  Cell  Cycle  Kinetics.  Induction  of  apoptosis  in 
tumor  cells  treated  by  various  Ad-3p  vectors  was  analyzed  by  flow  cytometry 
(FACS)  using  TUNEL  reaction  with  FITC-labeled  dUTP  (Roche  Molecular 
Biochemicals,  Mannheim,  Germany).  Cells  were  processed  for  FACS  analysis 
for  apoptosis  and  cell  cycle  kinetics  as  described  previously  (19). 

Animal  Studies.  All  animals  were  maintained,  and  animal  experiments 
were  performed  under  NIH  and  institutional  guidelines  established  for  the 
Animal  Core  Facility  at  the  University  of  Texas  M.  D.  Anderson  Cancer  ‘ 
Center.  Procedures  for  A549  and  HI 299  s.c,  tumor  inoculations  in  nu/nu  mice 
were  described  previously  (19).  When  average  tumor  size  reaches  -0.5  cm  in' 
diameter,  mice  were  injected  intratumorally  three  times  within  a  week  with 
various  Ad-3p  and  control  vectors  at  a  dose  of  3  X  1010  pfti  (3  X  1012 
vp)/tumor  in  a  volume  of  0.2  ml.  Differences  in  tumor  volumes  between 
treatment  groups  were  analyzed  with  a  mixed  model  ANOVA  using  the 
Statistica  software  (StatSoft,  Inc.,  Tulsa,  OK).  A  difference  was  considered  to 
be  statistically  significant  when  P  <  0.05. 

An  experimental  A549  lung  metastasis  model  was  used  to  study  the  effects 


of  3p21.3  genes  on  development  of  metastases.  Briefly,  nu/nu  mice  were 
inoculated  with  A549  cells  (1—2  X  10s)  in  200  p.1  of  PBS  via  toil  vein  injection. 
Pulmonary  experimental  metastatic  tumor  colonies  were  formed  7-10  days 
after  inoculation.  Then,  protamine-complexed  Ad-3p  (P-Ad3p)  vectors  or 
control  complexes  were  administered  systemically  to  animals  by  i.v.  injection 
for  three  times  within  a  week  at  each  a  dose  of  2-5  X  10 10  vp/200-500  pg  of 
protamine  in  a  total  volume  of  200  pJ/animal.  The  P-Ad  complexes  are 
prepared  by  mixing  an  equal  volume  of  the  adenoviral  vector  (1  X  1010  vp)  and 
the  protamine  sulfate  (100  pg;  Fujisawa  USA,  Inc.,  Deerfield,  IL)  in  room 
temperature  for.  15  min  and  then  bringing  it  to  a  total  volume  of  200  p\  with 
PBS.  Two  weeks  after  the  last  injection,  the  animals  were  euthanized,  and  their 
lung  metastatic  tumors  were  stained  with  India  ink.  Tumor  colonies  on  lung 
surfaces  were  counted  under  a  dissecting  microscope  without  knowledge  of  the 
treatment  groups,  and  the  lung  tissues  were  sectioned  for  further  pathologic 
and  immunohistochemical  analysis. 

RESULTS 

Effects  of  Forced  Expression  of  3p  Genes  on  Tumor  Cell 
Growth.  To  test  the  hypothesis  that  one  or  more  of  the  3p  genes 
function  as  tumor  suppressors  in  vitro ,  we  performed  a  series  of 
experiments  to  study  the  effects  of  expression  of  the  3p21.3  genes  on 
cei I  pro!  ifoaiirfifm  'several  typerof^^3p-tra)isduccdTitimaii  14  SCLC  - 
and  normal  HBEC  cells.  Cells  from  each  line  were  transduced  in  vitro 
by  Ad-101F6,  Ad-FUSl,  Ad-NPRL2,  Ad-BLU,  Ad-RASSFIC,  Ad- 
HYAL2,  and  Ad-HYALl  vectors  at  various  MOIs  in  units  of  vp/c; 
cells  were  also  treated  with  PBS,  Ad-EV,  Ad-LacZ,  or  Ad-p53  as 
mock,  negative,  nonspecific,  or  positive  controls,  respectively.  The 
ratio  of  vp/ml:pfu/ml  in  our  adenoviral  preparations  is  —100:1.  The 
transduction  efficiency  was  determined  by  examining  GFP-expressing 
cells  in  tbe  Ad-GFP-transdueed  cell  population  under  a  fluorescence 
microscope  and  was  found  to  be  >80%  at  the  highest  MOI  applied  for 
each  cell  line. 

Cell  proliferation  was  analyzed  by  using  the  XTT  assay  to  deter¬ 
mine  the  number  of  viable  cells  at  1, 2, 3,  and  5  days  after  transduction 
(only  data  for  day  5  at  various  MOIs  are  shown;  Fig.  1).  In  all  cases, 
the  viability  of  transduced  cells  was  compared  with  that  of  untrans¬ 
duced  (PBS  treated)  control  cells  (whose  viability  was  set  at  100%). 
As  can  be  seen  in  Fig.  1,  cell  viability  wfas  reduced  significantly  in 
Ad-101F6-,  Ad-Fusl-,  and  Ad-NPRL2-transdueed  A549  and  H460 
cells,  which  show'  homozygosity  for  multiple  3p21.3  markers  and 
contain  WT  p53,  and  H1299  cells,  which  exhibit  3p21.3  homozygos¬ 
ity  but  also  have  a  homozygous  deletion  of  p53.  A  modest  reduction 
of  cell  viability  was  shown  in  Ad-RASSFIC-transduced  H1299  cells 
(data  not  shown).  However,  no  significant  effect  on  growth  was 
observed  in  any  of  these  cells  transduced  with  Ad-HYALl,  Ad- 
HYAL2,  Ad-BLU,  Ad-EV,  or  Ad-LacZ.  These  results  suggest  that 
exogenous  expression  of  some  but  not  all  WT  3p2L3  genes  can 
inhibit  3p-deficient  tumor  cell  growth  in  vitro . 

To  clarify  the  specificity  of  the  observed  inhibitory  effects  on  tumor 
cell  growth  and  examine  the  potential  cytotoxicity  of  the  exogenously 
expressed  3p21.3  genes  on  normal  cells,  we  analyzed  the  effects  of 
these  3p21.3  genes  on  cell  proliferation  in  3p21.3  heterozygous  H358 
cells  and  normal  HBECs  (Fig,  1).  As  shown  in  Fig.  1,  HBECs 
transduced  with  all  Ad-3p  genes  at  MOIs  that  generated  >80% 
transduction  efficiency  had  reductions  in  cell  number  after  5  days  of 
transduction  of  <10%,  whereas  H358  cells  transduced  with  the  same 
vectors  had  losses  of  <20%  when  compared  with  the  untransduced 
control  cells.  Similar  levels  of  losses  of  cell  numbers  were  observed 
in  H358  and  HBEC  cells  transduced  with  control  vectors  Ad-EV  and 
Ad-LacZ.  As  a  positive  control*  H358  cells,  which  are  homozygously 
deleted  for  p53f  showed  reduced  cell  numbers  when  transduced  with 
the  Ad-p53  vector.  These  results,  coupled  with  the  lack  of  effect  with 
Ad-LacZ,  Ad-HYAL2,  Ad-HYALl,  Ad-RASSFIC,  and  Ad-BLU, 


2716 


TSGS  IN  3P21.3  HOMOZYGOUS  DELETION  REGION 


□  MOl-200 


Fig.  3.  Effects  of  exogenous  expression  of  3p21.3  genes  on  tumor  cell  growth  in 
Ad-3p-transdueed  human  lung  cancer  cells  and  normal  bronchial  epithelial  cells.  Cells 
were  transduced  with  adenoviral  vectors  of  3p21.3  genes  101F6,  NPRL2,  BW,  FUS1, 
HAYL2,  and  HYAL1,  control  genes  LacZ  and  p53,  and  empty  vector,  Ad-EV,  at  various 
MOls  (vp/c)  as  indicted,  and  PBS  alone  was  used  as  a  mock  control.  The  cell  viability 
was  expressed  as  the  percentage  of  viable  adenoviral  vector-transduced  cells  in  relation  to 
PBS-treated  control  cells  (100%).  Bars,  SDs  of  the  mean  in  at  least  three  individual 
experiments.  Treatments  were  given  in  quadruplicate  for  each  experiment.  The  signifi¬ 
cance  of  the  difference  in  cell  viability  between  vector-treated  cells  and  the  Ad-EV-, 
Ad-LacZ-,  or  PBS-treated  controls  was  analyzed  by  two-sided  Student’s  /  test.  P  <  0.05 
was  taken  as  significant.  The  differences  between  the  cell  viability  of  the  Ad-EV-  and 
Ad-LacZ-transduced  cells  versus  PBS-treated  controls  were  not  significant  {P  =  0,25- 
0.95  from  different  time  points  and  cell  lines).  The  differences  between  the  cell  viability 
of  the  Ad-10IF6-,  Ad-Fusl and  Ad-NPRL2-transduced  cells  versus  the  Ad-EV-  and 
Ad-LacZ-transdueed  or  PBS-treated  controls  at  the  same  MOI  were  significant  in  A549, 
HI  299,  and  in  H460  at  both  3  and  5  days  post-transduction  (P  :S  0.0001-0.005)  but  not 
significant  in  H358  and  HBEG  cell  lines  at  both  3  and  5  days  post-transduction 
(P  s  0.10-0.95,  from  different  time  points  and  cell  lines),  respectively.  The  effects  of 
Ad-BLU,  Ad-HYAL2,  and  Ad-HYALl  on  cell  viability  were  not  significant  in  all  cell 
lines  (P  >  0.45),  compared  with  those  of  Ad-EV  and  Ad-LaeZ, 


demonstrate  the  specificity  of  the  tumor  suppressing  function  of 
3p2L3  genes  FUS1 ,  NPRL2 ,  and  101 F6  in  3p-deflcient  tumor  cells 
and  indicate  that  no  generalized  cytotoxicity  was  associated  with 
exogenous  expression  of  these  WT  3p2L3  120-kb  region  genes. 

Expression  of  3p21,3  genes  in  Ad-3p-transduced  HI 299  and 
normal  HBEC  cells  was  verified  by  quantitative  real-time  reverse 
transcription-PCR.  Known  concentrations  of  human  Raji  total 
RNA  and  a  TaqMan  probe  for  glyceraldehyde-3-phosphate  dehy¬ 


drogenase  cDNA  were  used  to  make  a  standard  curve  as  an  internal 
control.  The  increase  in  levels  of  transcripts  of  exogenously  ex¬ 
pressed  3p2L3  genes  relative  to  those  of  endogenously  expressed 
mRNAs  in  HBEC  is  —10-15-,  30— 50-,  and  50—80-fold  at  an  MOI 
of  100,  500,  and  1000  vp/cell,  respectively  (data  not  shown).  The 
levels  of  expression  in  transduced  H1299  cells  were  similar  to 
those  in  HBEC  (data  not  shown).  In  addition,  there  was  an  asso¬ 
ciation  between  increased  levels  of  expression  of  these  3p21.3 
genes  and  increased  MOls  of  the  corresponding  Ad-3p  vectors 
transduced  in  both  HI 299  and  HBEC  cells.  The  expression  of 
FUS1  and  I01F6  proteins  after  transfection  was  detected  by  West¬ 
ern  blot  analysis  using  available  polyclonal  antibodies  raised 
against  the  oligopeptides  derived  from  their  deduced  amino  acid 
sequences  (data  not  shown). 

Induction  of  Apoptosis  by  3p  Genes  in  Ad-3p-transduced  Tu¬ 
mor  Cells.  The  ability  of  exogenously  expressed  3p21,3  genes  to 
induce  apoptosis  in  the  Ad-3p-transduced  H1299,  A549,  H460,  H358, 
and  HBEC  cells  was  analyzed  by  FACS  using  the  TUNEL  reaction 
(Fig.  2).  Induction  of  apoptosis  was  detected  in  Ad-1G1F6«*  Ad- 
FUS1-,  and  Ad-NPRL2-transduced  A549  (Fig.  2 A%  H1299  (Fig.  2 B)t 

¥>I^,hbec  (Figv< 

2 E)  cells.  The  apoptotic  cell  populations  increased  with  increased 
duration  of  transduction;  >15-20,  40-65,  and  75%  of  cells  were 
apoptotic  5  days  after  transduction  with  Ad-10 1F6,  Ad-FUSl,  and 
Ad-NPRL2  in  the  transduced  HI 299,  A549,  and  H460  cells,  respec¬ 
tively,  whereas  only  ~7  and  10%  of  Cells  treated  with  PBS  alone  and 
transduced  with  Ad-EV  vector,  respectively,  were  TUNEL  positive 
after  the  same  time  interval.  The  levels  of  apoptosis  induction  by 
Ad-1 01 F6,  Ad-FUSl,  and  Ad-NPRL2  were  quantitatively  greater  in 
A549  and  H460  cell  lines  with  WT  p 53  genes  (Fig.  2,  A  and  C)  than 
that  in  HI 299  cell  line  deleted  for  p53  gene  (Fig,  2B).  Levels  of 
apoptosis  in  A549  and  H460  cells  w?ere  comparable  with  those  in¬ 
duced  by  Ad-p53  in  p53-deficient  H1299  and  H358  cells  (Fig.  2,  B 
and  £>).  However,  no  significant  induction  of  apoptosis  was  observed 
in  any  tumor  cell  line  transduced  by  Ad-BLU,  Ad-RASSFl,  Ad- 
HYAL2,  and  Ad-HYALl  (Fig.  2).  The  levels  and  time  of  induction  of 
apoptosis  in  cells  transduced  by  these  Ad-3p  vectors  correlated  with 
those  of  reduction  of  cell  numbers  in  cells  treated  with  the  same 
vectors  (Fig.  1),  suggesting  that  suppression  of  tumor  cell  growth  by 
these  3p21.3  genes  is  mediated  directly  or  indirectly  through  a  mech¬ 
anism  of  apoptosis. 

Suppression  of  Tumor  Growth  by  Intratu moral  Injection  of 
Ad-3p  Vectors,  To  determine  whether  the  observed  inhibitory 
effects  of  these  3p2I,3  genes  on  tumor  cell  proliferation  in  vitro 
could  be  demonstrated  on  tumor  growth  in  vivo ,  we  evaluated  the 
efficacy  of  3p2L3  genes  in  suppressing  tumor  growth  by  direct 
intratumoral  injection  of  Ad-3p21.3  gene  vectors,  along  with  PBS 
and  Ad-EV,  Ad-LacZ,  and  Ad-p53  vectors  as  controls,  into  A549 
or  HI 299  tumor  xenografts  in  nu/nu  mice  (Fig.  3).  The  growth  of 
tumors  was  recorded  from  the  first  injection  until  23  days  after  the 
last  injection.  Tumor  volumes  were  normalized  by  calculating  the 
percentage  increase  in  tumor  volume  after  treatment  relative  to 
volume  at  the  beginning  of  treatment  in  each  group.  In  both  A549 
(Fig.  3 A)  and  H1299  (Fig.  3 B)  tumor  models,  all  of  the  tumors 
treated  with  A4-101F6,  Ad-FUSL  or  Ad-NPRL2  showed  signifi¬ 
cantly  suppressed  growth  ( P  <  0.001),  compared  with  mouse 
groups  treated  with  Ad-LacZ  or  Ad-EV  controls,  whereas  no 
significant  effect  was  observed  in  Ad-HYALl-,  Ad-BLU  (data  not 
shown)-,  and  Ad-HYAL2  (data  not  shown)-treated  tumors.  More¬ 
over,  a  significantly,  stronger  inhibition  of  tumor  growth  was 
shown  in  A549  tumors  treated  with  Ad-101F6  and  Ad-NPRL2 
vectors  than  in  tumors  treated  with  the  Ad-p53  vector  (Fig.  3,4). 
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PBS  Ad-EV  I  .acZ  p53  HHF6  NPRU  BLU  FISI  HYAU  HYAL1 

Fig,  2.  Induction  of  apoptosis  by  exogenous  expression  of  3p2L3  genes  in  Ad-3p- 
transduced  human  NSCLC  cells  and  normal  HBECs.  Apoptosis  was  analyzed  by  FACS, 
using  TUNEL  reaction  with  FITC-labeled  dUTP,  Cells  were  transduced  with  adenoviral 
vectors  of  3p21 .3  genes  at  an  MO!  (vp/c)  of  5000  for  A549  (A),  1000  for  HI 299  (B),  5000 
for  H460  (Q,  2500  for  H358  (£>},  and  1000  for  HBEC  {£),  respectively,  and  PBS,  Ad-EV, 
and  p53  were  used  as  controls.  Cells  were  harvested  and  analyzed  for  apoptosis  at  the 
indicated  days  post-transduction.  The  rate  of  apoptosis  is  expressed  as  the  percentage  of 
FITC-labeled  cells  in  die  total  cell  population.  Bats,  SDs  of  the  mean  in  two  or  three 
repeated  experiments  with  triplicate  treatments  and  TUNEL  reactions  for  each  experi¬ 
ment  The  significance  of  the  difference  in  apoptosis  between  vector-treated  cells  and  the 
Ad-EV-,  Ad-LacZ-,  or  PBS-treated  controls  was  analyzed  by  two-sided  Student’s  t  test. 
P  <  0,05  was  considered  significant.  The  differences  between  the  apoptosis  induced  by 
the  Ad-EV-  and  Ad-LacZ-transduced  cells  versus  PBS-treated  controls  were  not  signifi¬ 
cant  {P  -  0.925-0.675  from  different  time  points  and  cell  lines).  The  differences  between 
the  apoptosis  induced  in  the  Ad-101F6-,  Ad-FUSl-,  and  Ad-NPRL2-tiansduced  cells 
versus  the  Ad-EV-,  Ad-LacZ-,  or  PBS-treated  controls  were  significant  in  A549  and  H460 
cells  at  both  3  and  5  days  post-transduction  ( P  £  0,0001— 0,005)  and  significant  versus  the 
Ad-EV-  and  PBS-treated  cells  in  HI 299  at  5  days  post-transduction  (P  <  0.02)  but  not 
.significant  in  H358  and  HBEC  cell  lines  at  both  3  and  5  days  post-transduction  at  all  time 
points  (P  &  0.85-0,95),  respectively.  Induction  of  apoptosis  in  Ad-p53-transduced  H358 
cells  was  significant  at  all  time  points  compared  with  all  other  treatments  (P  <  0.0001). 
Induction  of  apoptosis  in  cells  treated  with  Ad-BLU,  Ad-HYAL2,  and  Ad-HYALl  was 
not  significant  compared  with  those  treated  with  PBS,  Ad-EV,  or  Ad-LacZ,  in  all  cell  lines 
at  all  time  points  (P  >  0.85), 


Inhibition  of  Development  of  Experimental  Lung  Metastases  by 
Protamine-Adenovirus  Complex-mediated  3p21.3  Gene  Transfer, 
A  novel  formulation  using  protamine/adenovirus  complexes  (desig¬ 
nated  P-Ad)  for  enhanced  systemic  delivery  of  recombinant  adenovi¬ 
rus  m  vivo  was  developed  to  further,  explore  the  potential  of  3p2L3 
genes  in  suppressing  systemic  metastases.  An  experimental  A549 
metastatic  human  lung  cancer  model  (established  by  i.v.  injection  of 
tumor  cells)  was  used  to  study  the  effects  of  3p2 1 ,3  gene  transfer  on 
the  development  of  lung  metastases  in  nufnu  mice  (Fig.  4).  The 
adenoviral  3p2L3  gene  vectors  were  complexed  to  protamine  and 
delivered  via  i.v.  injection.  The  development  of  A549  pulmonary 
metastases  was  inhibited  significantly,  and  the  numbers  of  metastatic 
tumor  colonies  found  on  the  surfaces  of  lungs  from  mice  inoculated 
with  A549  cells  were  reduced  by  >80%  in  animals  treated  with 
P-Ad-101F6,  P-Ad-FUSl,  P-Ad-NPRL2,  or  P-Ad-HYAL2  (70%  re¬ 
duction),  compared  with  those  in  control  treatment  groups  (Fig,  4). 
However,  no  significant  reduction  of  metastatic  colony  formation  was 
observed  in  animals  treated  with  P- Ad-HYALl  and  P- Ad-BLU,  These 
data  are  consistent  with  results  obtained  from  Ad-3p-treated  sx.  tumor 
xenografts,  further  supporting  the  roles  of  these  3p21.3  genes  in 
suppression  of  tumor  growth  and  inhibition  of  tumor  progression  in 
-vtivoz -Finally,'  we  noted  Yio^^itmicnoxkity no  Ihe*  xnke-.glven  thr 
systemic  injection  of  PAd-3p  complexes. 

DISCUSSION 

In  this  study,  we  used  recombinant  adenoviral  vectors  to  introduce 
individual  WT  3p2L3  genes  into  3p-deficient  tumor  xenograft  or 
tumor  cell  lines.  The  ectopic  expression  of  WT  3p2L3  genes  101F6, 
FUSI ,  and  NPRL2  effectively  inhibited  the  growth  of  3p-deficient 
NSCLC  A549,  H 1299,  and  H460  cells  in  vitro  but  had  no  effect  on  the 
growth  of  H358  cells  (which  remains  heterozygous  for  multiple 
polymorphic  markers  in  the  3p21.3  650-kb  homozygous  deletion 
region)  or  on  the  growth  of  normal  HBECs,  suggesting  the  specificity 
of  the  exogenous  WT  3p2 1 ,3  genes  in  inhibiting  tumor  cell  growth. 
These  findings  also  indicate  the  possibility  that  exogenous  expression 
of  3p2L3  genes  will  be  safe  as  cancer  gene  therapy  agents  because 
they  caused  no  generalized  cytotoxicity  to  normal  cells  or  in  mice 
treated  systemically.  The  tumor  suppressing  effects  of  some  TSGs 
under  normal  physiological  conditions  are  generally  mediated  by 
increased  levels  of  TSG  expression  in  response  to  the  oncogenic  and 
environmental  stimuli.  These  include  p53,  WAF1}  BAX,  and  BAK  (20), 
e.g.,  expression  of  both  endogenous  WT  p53  gene  and  protein  in¬ 
creased  6 -8-fold  after  heat  treatment  of  myeloblastie  leukemia  cells 
and  DNA-binding  activity  of  p53  increased  >  17-fold  after  y-irradi- 
ation  of  human  glioblastoma  cells  (21,  22).  The  level  of  3p21,3  gene 
expression  by  the  adenoviral  vector-mediated  3p2L3  gene  transfer  in 
normal  HBEC  cells  was  increased  —10-1 5-fold  (data  not  shown)  and 
is  close  to  the  elevated  levels  of  TSG  expression  induced  by  environ¬ 
mental  stimuli  under  physiological  conditions  shown  by  that  of  p53. 

In  most  cases,  there  is  loss,  of  heterozygosity  at  the  3p21,2  locus 
with  no  mutations  detected  in  the  remaining  allele.  However/  haplo- 
insufficiency  can  be  associated  with  abrogation  of  tumor  suppressor 
activity,  e.g.,  the  p27  gene  is  haploinsufficient  for  tumor  suppression 
with  tumor  suppressor  activity  critically  dependent  on  the  absolute 
level  of  p27  protein  expression  (23).  Elevated  p27  expression  inhibits 
cell  cycle  progression  and  promotes  apoptosis  in  human  glioma, 
colon,  NSCLC,  and  mantle  cell  lymphoma,  suggesting  that  p27  acts  as 
a  rheostat  rather  than  as  an  on/off  switch  tumor  suppressor  in  sup¬ 
pressing  neoplasia  (24).  Similar  to  p27t  some  of  the  3p2L3  genes  are 
possibly  inactivated  by  haploinsufficincy  (10),  and  the  modulation  of 
protein  expression  may  play  an  important  role  for  their  tumor  sup¬ 
pressor  activities.  Furthermore,  the  overexpression  of  these  3p21.3 
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Fig.  3.  Effects  of  intratumoral  administration  of  adenoviral 
vectors  of  3p21.3  genes  on  growth  of  human  lung  cancer 
A549  (A)  and  HI 299  (B)  s.c.  tumors  in  nu/nu  mice.  When  the 
tumor  reached  5-10  mm  in  diameter  at  ~2  weeks  after  tumor 
inoculation,  the  tumor  was  injected  with  individual  adenoviral 
vectors  of3p21.3  genes  J01F6,  NPRL2,  FUS1,  and  HYAL1  or 
control  vectors  Ad-EV  and  p53,  at  a  dose  of  5  x  10l° 
vp/tumor  each  in  200  ptl  of  PBS  for  three  times  within  a  week, 
respectively,  and  PBS  alone  was  used  as  a  mock  control. 
Results  were  reported  as  the  mean  ±  SD  in  5-10  mice  for 
each  treatment  group.  Tumor  volumes  were  normalized  by 
the  percentage  increase  of  tumor  sizes  after  treatment  relative 
to  those  at  the  beginning  of  the  treatment  in  each  group.  Mean 
tumor  volumes  ±S£  from  these  experiments  are  shown. 
ANOVA  was  performed  to  determine  statistical  significance 
between  each  treatment  group  using  Siatistica  software  (Stat¬ 
Soft,  Inc.),  and  P  <  0.05  was  considered  significant.  The 
differences  of  the  tumor  volumes  in  the  Ad-101F6-,  Ad- 
FUS1-,  and  Ad-NPRL2-treated  mice  versus  in  the  Ad-EV- 
treated  mouse  controls  were  statistically  significant  in  both 
A549  and  HI 299  tumor  models  (P  <  0.0001)  after  5  days 
from  die  last  injection  but  not  significant  in  Ad-HYALl 
(P  >  0.05  in  both  A549  and  HI 299  tumor  models). 
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genes  at  higher  MOIs  may  be  pharmaceutically  appropriate  for  en- 
"haneing^heir  fiction  ^xancertherapeutics'aiid  may  be  necessary  for 
proper  TSG  function  to  overcome  degradation  pathways  and  inactive 
pathways  in  the  cancer  cell.  The  selectivity  of  the  vectors  with  respect 
to  growth  inhibition  and  induction  of  the  specific  pathway  of  apo¬ 
ptosis  in  cancer  compared  with  normal  cells  further  supports  their 
physiological  role. 

Inhibition  of  cell  proliferation  and  induction  of  cell  death  by  acti¬ 
vated  TSGs,  such  as  retinoblastoma  (Rb)  and  p53,  are  attributed 
primarily  to  these  genes5  ability  to  mediate  cell  cycle  arrest  and 
apoptosis  (25-27).  Because  apoptosis  is  a  genetically  programmed 
cellular  response  to  environmental  stresses  or  stimuli,  inactivation  of 
TSGs  involved  in  the  apoptotic  pathways  could  result  in  deregulated 
cell  proliferation  and  tumorigenesis.  To  elucidate  the  mechanism 
governing  the  inhibition  of  NSCLC  cell  growth  by  3p21.3  genes,  we 
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Fig.  4.  Effect  of  systemic  administration  of  protamine-Ad-3p  complexes  on  develop¬ 
ment  of  A549  experimental  lung  metastases  in  nu/nu  mice.  All  animals  were  i.v.  injected 
with  various  protamine-adenoviral  vector  complexes  every  other  2  days  for  three  times 
each  at  a  dose  of  3  X  i0l°  vp  plus  300  p.  g  of  protamine  in  a  total  volume  of 200  ftl/animal, 
and  PBS  alone  was  used  as  a  mock  control.  Each  treatment  group  consisted  of  5-10 
animals.  Lungs  were  harvested  2  weeks  after  the  last  injection,  and  metastastic  colonies 
on  the  surfaces  of  lung  were  counted  without  knowledge  of  the  treatment  groups. 
Development  of  metastases  was  represented  as  the  percentages  of  metastatic  colonies 
formed  in  protamine-adenovirus  complex-treated  groups  in  relation  to  those  in  the 
PBS-treated  group  (as  100%),  Bars ,  SE.  Nonparametric  t  test  (Wald-Wolfowitz  Runs 
Test)  was  performed  to  determine  statistical  significance  between  each  treatment  group 
using  Statistica  software  (StatSoft,  Ine.),  and  P  <  0.05  was  considered  significant.  A 
significant  inhibition  of  development  of  metastases  was  observed  in  mice  treated  with 
f-Ad-101F6  (P  =  0.002),  P-Ad-NPRU  (P  =  0.001),  P-Ad-FUSi  (P  *  0.002),  and 
P-Ad-HYAL2  (P  =  0.014),  respectively,  compared  with  mice  treated  with  PBS,  P- Ad- 
EV,  or  P-Ad-LacZ  but  no  significant  inhibition  in  mice  treated  with  P-Ad-BLU 
(P  =  0.818)  or  P- Ad-HYALl  (P  =  0,904). 


studied  the  effects  of  exogenously  expressed  3p2L3  genes  on  apop¬ 
tosis  nieGiHtet^b^adefiovirah^eacr  tiaiirdtieiioiL  IiriioductititrorWT  1 
3p21.3  genes  101F6,  FUSI,  and  NPRL2  into  the  3p-deficeint  A549, 
HI 299,  and  H460  cells  induced  apoptosis.  However,  this  was  not  a 
generalized  feature  of  3p21.3  gene  overexpression,  as  the  HYAL2, 
HYALl,  and  BLU  genes  from  this  same  120-kb  region  did  not  induce 
a  significant  increase  in  apoptosis  in  the  same  lung  cancer  cells.  The 
time  and  the  magnitude  of  the  induction  of  apoptosis  by  these  3p21.3 
genes  were  also  well  correlated  with  those  of  the  inhibition  of  growth 
observed  in  vitro ,  These  observations  suggest  that  the  tumor  suppress¬ 
ing  function  mediated  by  the  3p2L3  genes  is  through  induction  of 
apoptosis. 

To  demonstrate  whether  the  observed  inhibitory  effects  of  these 
3p2 1 .3  genes  on  tumor  cell  growth  in  vitro  could  be  reproduced  in 
vivo,  we  evaluated  the  efficacy  of  3p21.3  genes  in  suppressing  tumor 
growth  by  directly  injecting  Ad-3p  vectors  into  A549  or  H1299  tumor 
xenografts  in  nu/nu  mice.  Growth  of  both  A549  and  HI 299  tumors 
was  suppressed  significantly  by  treatments  with  Ad-101F6,  Ad-FUSl, 
and  Ad-NPRL2,  Furthermore,  we  explored  the  tumor  suppressing 
potential  of  3p21.3  genes  in  inhibiting  experimental  metastases  in  vivo 
by  systemic  administration  of  protamine-Ad-3p  complexes.  The  novel 
protamine-Ad-3p  complexes  developed  as  part  of  this  study  allowed 
us  to  deliver  3p2L3  genes  efficiently  to  the  lung  by  systemic  injec¬ 
tion.  The  development  of  metastases  was  inhibited  effectively  by  the 
protamine-adenovirus  complex-mediated  transfer  of  the  101F6, 
FUSI,  HYAL2,  and  NPRL2  genes.  These  in  vivo  data  are  consistent 
with  the  in  vitro  data,  further  supporting  the  roles  of  3p21.3  genes  as 
TSGs, 

Two  of  the  3p21.3  genes,  HYALl  and  RASSF1C,  showed  neither 
tumor  suppressor  activity  in  vitro  nor  in  vivo  nor  apoptosis-inducing 
activity  in  vitro  in  all  cell  lines  tested.  Recently,  one  splicing  isoform 
of  one  of  the  genes,  RASSF1A,  has  been  shown  to  undergo  epigenetic 
inactivation  by  promoter  region  hypermethylation  acquired  in  tumors. 
This  isoform,  but  not  the  expressed  RASSF1C  isoform,  also  exhibits 
functional  tumor  suppressing  activity.  Consistent  with  these  results, 
we  also  found  no  significant  effects  on  growth  of  NSCLC  cells  and 
induction  of  apoptosis  in  these  NSCLC  cells  in  vitro  and  in  vivo  in  our 
experiments  using  the  Ad-RASSFIC  vector  (data  not  shown).  The 
results  with  RASSF1A  indicate  that  it  will  be  important  to  study  all  of 
the  genes  in  the  region  for  loss  of  expression  via  tumor-acquired 
promoter  hypermethylation.  Alternatively,  with  3p  allele  loss,  haplo- 
insufficiency  of  one  or  more  of  these  3p2L3  genes  may  play  a  role  in 
tumorigenesis.  On  the  basis  of  the  evidence  that  multiple  contiguous 
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3p21.3  genes,  including  101F6,  NPRL2,  RASSF1A,  and  FUS1,  exhib¬ 
ited  varied  degrees  of  tumor  suppressing  activity,  we  propose  that 
genes  in  this  3p21.3  120-kb  region  act  together  as  part  of  a  tumor 
suppressor  region  to  suppress  tumor  growth  through  their  functional 
activation  of  tumor  suppressing  pathways'  Likewise,  their  inactivation 
may  contribute  directly  to  the  development  of  cancer  because  of 
haploinsufficiency,  loss  of  expression,  or  rarely  mutations.  In  sum¬ 
mary,  we  have  demonstrated  here  for  the  first  time  that  introduction  of 
several  WT  3p21,3  genes  (101 F6,  NPRL2 ,  and  FUS1)  contiguously 
located  within  a  120-kb  region  by  recombinant  adenoviral  vector- 
mediated  gene  transfer  into  3p-deficient  tumor  xenografts  and  tumor 
cell  lines  efficiently  suppressed  tumor  cell  growth  and  metastases  and 
induced  apoptosis  in  vitro  and  in  vivo.  These  results  suggest  the  role 
of  these  genes  as  TSGs,  A  better  understanding  of  the  biological 
function  of  genes  in  this  region  may  result  in  the  development  of  new 
strategies  for  the  prevention,  early  detection,  diagnosis,  and  treatment 
for  lung  cancer  and  other  human  cancers. 
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ABSTRACT 

Purpose :  The  PTMN  gene  at  chromosome  10q23.3  is  a 
tumor-suppressor  gene  that  is  inactivated  in  several  types  of 
human  tumors.  Although  mutation  and  homozygous  dele¬ 
tion  are  the  most  common  mechanisms  of  PTEN  inactiva¬ 
tion,  promoter  methylation  and  translational  modification 
can  also  account  for  PTEN  silencing.  The  aim  of  this  study 
was  to  Investigate  the  expression  of  PTEN  protein  in  pri¬ 
mary  non-small  cell  lung  cancer  (NSCLC)  samples  and  to 
investigate  the  promoter  methylation  status  of  the  gene  in  a 
panel  of  NSCLC  cell  lines  as  well  as  primary  tumors. 

Experimental  Design:  We  analyzed  PTEN  expression  by 
immunohistochemistry  in  tissue  samples  from  125  patients 
with  early-stage  NSCLC.  We  also  evaluated  PTEN  promoter 
methylation  status  by  metbylation-specific  PCR  in  20  micro- 
dissected  PTEN-negative  primary  tumors  from  among  the 
last  specimens  as  well  as  in  a  panel  of  16  NSCLC  cell  lines. 
Western  and  Northern  blotting  were  performed  in  the  same 
panel  of  NSCLC  cell  lines. 

Results:  Thirty  (24%)  of  the  125  specimens  showed  a 
lack  of  staining  for  PTEN.  PTEN  methylation  was  detected 
in  7  (35%)  of  the  20  PTEN-negative  NSCLC  samples  and  in 
none  of  the  10  PTEN-positive  NSCLC  samples  that  were 
microdissected.  Furthermore,  PTEN  methylation  was  ob¬ 
served  in  11  (69%)  of  the  16  NSCLC  cell  lines  tested.  PTEN 
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mRNA  expression  was  Increased  in  the  NCI-H1299  cell  line 
by  in  vitro  treatment  with  the  demethylating  agent  5-aza-2#- 
deoxyeytidine.  PTEN  methylation  was  well  correlated  with 
PTEN  expression  in  NSCLC  eell  lines  by  Western  and 
Northern  blot  (P  =  0.025). 

Conclusions:  Although  genetic  alterations  of  the  PTEN 
gene  are  rare  in  NSCLC,  loss  of  PTEN  protein  is  not  an 
uncommon  event  in  early-stage  NSCLC.  Lack  of  PTEN 
expression  may  be  partially  explained  by  promoter  methy¬ 
lation. 

INTRODtrCTlON^  ~  — " 

Lung  cancer  is  the  most  common  cause  of  cancer  death 
worldwide,  accounting  for  more  deaths  than  those  caused  by 
prostate,  breast,  and  colorectal  cancers  combined  (1).  The  prog¬ 
nosis  for  patients  with  lung  cancer  is  strongly  correlated  with 
disease  stage  at  the  time  of  diagnosis;  patients  with  clinical  stage 
I  disease  have  a  5-year  survival  rate  of  about  60%,  whereas  in 
patients  with  clinical  stage  II-IV  disease  the  5-year  survival  rate 
ranges  from  40%  to  less  than  5%  (2).  Improving  the  survival 
rate  of  patients  with  this  disease  requires  a  better  understanding 
of  tumor  biology  and  the  subsequent  development  of  novel 
therapeutic  strategies. 

PTEN/MMA Cl/TEPl ,  located  at  10q23.3,  is  a  tumor- 
suppressor  gene  that  encodes  a  cytoplasmic  protein  that  has  a 
protein  tyrosine  phosphatase  domain  and  a  domain  extensively 
homologous  to  the  cyloskeletal  proteins  tensin  and  auxilin  (3). 
Germ-line  mutations  of  PTEN  are  found  in  patients  with  Cow- 
den  syndrome,  a  familial  syndrome  associated  with  a  predispo¬ 
sition  for  multiple  benign  hamartomas  and  malignant  breast, 
skin,  and  thyroid  neoplasms  (3).  Somatic  mutation  or  deletion  of 
PTEN  has  been  reported  in  a  variety  of  tumor  types,  including 
glioblastoma,  melanoma,  breast,  prostate,  renal,  and  endometrial 
carcinomas  (4-9).  Genetic  analysis  of  PTEN  in  NSCLC4  can¬ 
cers  has  demonstrated  alterations  in  PTEN  in  8-16%  of  the 
examined  NSCLC  cell  lines  suggesting  that  PTEN  is  infre¬ 
quently  targeted  in  NSCLC  tumorigenesis  (10-13).  Because 
alternative  mechanisms  such  as  promoter  hypermethylation,  al¬ 
ternative  splicing  of  pre-mRNA,  and  posttranslational  modifi¬ 
cation,  may  also  inactivate  gene  function,  the  actual  frequency 
of  PTEN  abnormalities  in  NSCLC  may  be  underestimated.  To 
date,  few  analyses  of  PTEN  protein  expression  in  NSCLC 
have  been  performed,  and  little  is  known  about  epigenetic  or 
posttranslational  mechanisms  that  could  participate  in  PTEN 
inactivation. 


4  The  abbreviations  used  are:  NSCLC,  non-small  cell  lung  cancer; 
PTEN,  phosphatase  and  tensin  homologue  deleted  on  chromosome  ten; 
TSA,  trichostatin  A;  MSP,  metbylation-specific  PCR;  PIP-3,  phosphati- 
dylinositol-3, 4,5-triphosphate;  HBE,  human  bronchial  epithelial  (cells); 
GAPDH,  glyceraldehyde-3-phosphate  dehydrogenase;  PI3K,  phosphoi- 
nositol-3-kinase;  PKB,  protein  kinase  B. 
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Fig .  1  Map  of  the  PTBN  promoter  area.  Vertical 
bars  on  top ,  CpG  sites.  Gray  box  on  the  bottom , 
exon  1;  arrow ;  putative  transcription  start  site. 
Horizontal  lines,  the  areas  of  homology  to  the 
PTEN  pseudogene,  the  location  of  the  primers 
used  in  Salveson  etal  (, MSP-old ;  Ref.  28),  and  the 
location  of  the  primers  used  in  die  current  study 
(MSP).  The  area  shown  is  3454  bases  long. 
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To  determine  PTEN  expression  in  patients  with  NSCLC 
and  to  ascertain  whether  promoter  methylation  accounted  in  part 
for  the  loss  of  PTEN,  we  examined  immunohistochemically  the 
expression  pattern  of  PTEN  in  125  patients  with  early-stage 
NSCLC  and  evaluated  promoter  methylation  status  in  20  mi- 
crodissected  tumor  samples  as  well  as  in  a  panel  of  16  NSCLC 
cell  lines. 

MATERIALS  AND  METHODS 

Clinical  Samples  and  Immunohistochemtcal  Staining 
for  PTEN  Protein,  Surgical  specimens  were  obtained  from  a 
total  of  125  patients  with  early  stages  of  lung  cancer  who 
underwent  a  surgical  resection  at  the  Department  of  Thoracic 
and  Cardiovascular  Surgery  at  The  University  of  Texas  M.  D. 
Anderson  Cancer  Center.  Paraffin-embedded,  4-pm-thick  tissue 
sections  from  125  primary  tumors  were  stained  for  the  PTEN 
protein  using  a  primary  rabbit  polyclonal  anti-PTEN  antibody 
(Zymed  Laboratories,  San  Francisco,  CA),  as  reported  previ¬ 
ously  (14).  All  of  the  sections  were  deparafftnized  by  using  a 
series  of  xylene  baths  and  then  rehydrated  using  a  graded 
alcohol  series.  To  retrieve  the  antigenicity,  the  tissue  sections 
were  microwaved  in  10  mM  citrate  buffer  (pH  6.0)  once  for  2 
min.  The  sections  were  then  immersed  in  methanol  containing 
0.3%  hydrogen  peroxidase  for  20  min  to  block  endogenous 
peroxidase  activity  and  then  incubated  in  2.5%  blocking  serum 
to  reduce  nonspecific  binding.  Sections  were  incubated  over¬ 
night  at  4°C  with  primary  anti-PTEN  antiserum  (1:50).  The 
sections  were  then  processed  using  standard  avidin-biotin  im- 
munohistochemical  techniques  according  to  the  manufacturer's 
recommendations  (Vector  Laboratories,  Burlingame,  CA).  Dia- 
minobenzidine  was  used  as  a  chromogen,  and  commercial 
hematoxylin  was  used  for  counterstaining.  Adjacent  normal¬ 
appearing  epithelium  within  the  tissue  sections  served  as  a 
positive  internal  control. 

Representative  areas  of  each  tissue  section  were  selected, 
and  cells  were  counted  in  at  least  four  fields  (at  X20G).  On  the 
basis  of  the  results  of  the  immunohistoehemical  staining,  spec¬ 
imens  were  classified  into  three  groups,  as  reported  previously 
(6):  increased  or  equal  staining  intensity  compared  with  the 
corresponding  normal  tissue  (+  +),  decreased  staining  intensity 
(+),  and  absence  of  staining  (-).  All  of  the  slides  were  evalu¬ 
ated  and  scored  independently  by  two  investigators  (J,  I.  L.  and 
J-C.  S.)  who  were  blinded  to  the  clinical  information  pertaining 
'  to  the  subjects. 

Cell  Lines  and  Culture  Conditions,  Normal  HBE  cells 
were  grown  from  bronchial  epithelium  that  was  harvested  from 
fresh  surgical  specimens  obtained  from  patients  undergoing 
lobectomy  procedures.  The  mucosal  layer  was  sterilely  stripped 
from  bronchial  specimens,  cut  into  small  pieces,  and  placed  on 


a  plastic  tissue  culture  plate  containing  a  thin  layer  of  medium. 
For  each  experiment,  normal  HBE  cells  from  a  single  patient 
were  used.  Normal  HBE  cells  were  grown  in  keratinoeyte  se¬ 
rum-free  medium  (Life  Technologies,  Inc.  Grand  Island,  NY)  on 
standard  plastic  ware  (Falcon;  Becton-Diekinson,  Bedford,  MA) 
at  37°C  in  a  5%  C02  atmosphere.  The  NSCLC  cell  lines 
NCI-H1792,  -HI 299,  -H661,  -H596,  -H591,  -H460,  -H441, 
^-H358,‘-H3-22;’iH292r*ffi26,  Irifl  -HIST,  A549,  Calu4S,  Caiu- IT 
and  SK-MES-1  were  routinely  maintained  in  RPMI  1640  sup¬ 
plemented  with  10%  FCS.  The  NSCLC  cell  lines  were  obtained 
from  the  American  Type  Culture  Collection  (Manassas,  VA). 
5-Aza-2'deoxycytidine  was  added  to  the  RPMI  1640  containing 
2%  serum. 

Tissue  Mierodlssection  and  Genomic  DNA  Extraction. 
Sections  (4  pm  thick)  from  formalin-fixed  and  paraffin-embed¬ 
ded  tissue  blocks  were  obtained.  Tissue  microdissection  was 
performed  manually  under  a  stereomicroscope  using  a  25-gauge 
needle.  Dissected  tissues  were  digested  in  200  pi  of  digestion 
buffer  containing  50  mM  Tris-HCl  (pH  8.0),  1%  SDS,  and 
proteinase  K  (0.5  mg/ml)  at  42°C  for  36  h.  The  digested  prod¬ 
ucts  were  purified  by  extraction  with  phenol-chloroform  twice. 
DNA  was  then  precipitated  by  the  ethanol  precipitation  method 
in  the  presence  of  glycogen  (Roche  Molecular  Biochemicals, 
Indianapolis,  IN)  and  recovered  in  distilled  water. 

MSP.  Sample  DNA  (at  least  100  ng)  from  the  microdis- 
sected  tumor  specimens  and  from  NSCLC  cell  lines,  mixed  with 
1  pg  of  salmon  sperm  (Life  Technologies,  Inc./Gaithersburg, 
MD),  were  submitted  to  chemical  modification  following  the 
protocol  by  Herman  et  ah  (15).  Briefly,  DNA  was  denatured 
with  2  m  NaOH,  followed  by  treatment  with  10  mM  hydroqui- 
none  and  3  m  sodium  bisulfite  (Sigma  Chemical  Co.,  St.  Louis, 
MO).  After  purification  in  a  Wizard  SV  Plus  kit  column  (Pro- 
mega,  Madison,  WI),  the  DNA  was  treated  with  3  m  NaOH  and 
precipitated  with  three  volumes  of  100%  ethanol,  a  one-third 
volume  of  10  m  NH40Ac,  and  2  pi  of  glycogen  at  — 20°C.  The 
precipitated  DNA  was  washed  with  70%  ethanol  and  dissolved 
in  distilled  water.  PCR  was  conducted  with  primers  that  were 
specific  for  either  the  methylated  or  the  unmethylated  versions 
of  the  PTEN  gene:  PTENM  forward,  5 ' -gtttggggatttttttttegc-3 ' , 
and  PTENM  reverse,  5  '-AACCCTTCCTACGCCGCG-3 \  for 
the  methylated  sequence;  PTENU  forward,  5 '  -T ATT AGTTT- 
GGGG  ATTTTTTTTTT  GT-3 1 ,  and  PTENU  reverse,  5f- 
CCCAACCCTTCCTACACCACA-3',  for  the  unmethylated  se¬ 
quence.  Primers  location  is  shown  in  Fig.  1.  The  12.5-pl  total 
reaction  volume  contained  25  ng  of  modified  DNA,  3%  DMSO, 
all  four  deoxynucleoside  triphosphates  (each  at  200  pM),  1.5  mM 
MgC12,  0.4  pM  PCR  primers,  and  0.625  units  of  HotStar  Taq 
DNA  polymerase  (Qiagen,  Valencia,  CA).  Water  was  substi¬ 
tuted  for  DNA  as  a  negative  control,  and  NCI-H46G  cell  line 
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Fig  2  Immunohistochemical 
staining  patterns  of  PTEN  in 
early-stage  NSCLC,  A,  an  ade¬ 
nocarcinoma  with  most  cancer 
cells,  expressing  PTEN  in  the 
cytoplasm.  2?,  an  adenocarci¬ 
noma  tumor  negative  for  PTEN 
expression.  C,  a  squamous  cell 
carcinoma  tumor  with  diffuse 
and  strong  PTEN  expression, 
A  a  squamous  cell  carcinoma 
tumor  with  diffusely  weak 
staining.  The  staining  is  promi¬ 
nent  in  the  well-differentiated 
y-areas4 (Alljjanels,  X40Q). 


DNA,  treated  with  SssI  Methylase  (New  England  Biolabs,  Bev¬ 
erly,  MA),  was  used  as  a  positive  control.  DNA  was  amplified 
by  an  initial  cycle  at  95°C  for  15  min  as  required  for  enzyme 
activation,  followed  by  40  cycles  of  94°C  for  30  s,  60°C  for  1 
min,  and  72°C  for  1  min,  and  ending  with  a  5-min  extension  at 
72°C  in  a  thermocycler  (Applied  Biosystems,  Foster  City,  CA), 
PCR  products  were  separated  on  2%  agarose  gels  and  visualized 
after  staining  with  ethidium  bromide. 

Western  Blot  Analysis.  Whole-cell  lysates  were  pre¬ 
pared  in  lysis  buffer  [50  mM  HEPES  (pH  7.5),  150  mM  NaCl,  1 .5 
mM  MgCl2,  1  mM  EDTA,  0.2  mM  EGTA,  1%  NP40,  10% 
glycerol,  1  mM  dithiothreitol,  1  mM  phenylmethylsulfonyl  fluo¬ 
ride,  20  mM  sodium  fluoride,  5  mM  sodium  orthovanadate,  10 
mg/ml  aprotinin,  10  mg/ml  leupeptin,  2  mg/ml  pepstatin,  and  1 
mM  benzamidine].  Lysates  were  incubated  for  20  min  on  ice  and 
centrifugated  at  13,000  X  g  for  20  min.  The  supernatants  were 
collected,  and  the  protein  concentration  was  determined  with  a 
protein  assay  kit  (Bio-Rad,  Hercules,  CA).  Cell  lysates  were 
electrophoresed  using  SDS-PAGE  and  then  transferred  onto  a 
BA-S -83 -reinforced  nitrocellulose  membrane  (Schleicher  and 
Schuell,  Inc.,  Keene,  NH).  Membranes  were  immunoblotted 
overnight  at  4°C  with  a  rabbit  polyclonal  antibody  against 
human  PTEN  and  a  goat  antibody  against  (3-actin  (Santa  Cruz 
Biotechnology,  Inc,,  Santa  Cruz,  CA)  in  Tris-buffered  saline 
containing  5%  nonfat  dry  milk.  Antibody  binding  was  detected 
using  the  ECL  kit  (Amersham,  Inc.,  Arlington  Heights,  IL.) 
according  to  the  manufacturer’s  directions. 

5-Aza-2 f-deoxycy tidine  Treatment  and  Northern  Blot 
Analysis.  NCI-H1299  cells  were  transferred  onto  a  100-mm3 
dish  and,  1  day  later,  0.001,  0.01,  0.1,  I,  or  5  jxm  5-aza-2f- 
deoxyeytidine  or  0,001,  0.01,  0.1,  1,  or  5  pM  TSA  were  added 
in  RPMI  1640  containing  2%  FCS,  Cells  were  changed  to  a  new 
medium  containing  5-aza-2'-deoxyeytidine  or  TSA  eveiy  day. 
After  6  days  of  treatment,  the  cells  were  lysed  in  4.0  m  guani- 
dinium  isothiocyanate,  and  total  cellular  RNA  was  extracted. 


RNA  was  subjected  .to  electrophoresis  (20  fxg/lane)  on  a  1% 
agarose  gel  containing  2%  formaldehyde,  transferred  to  a  Zeta- 
Probe  membrane  (Bio-Rad  Laboratories),  and  hybridized  to  a 
[y~32P JdCTP-labeled  PTEN  or  GAPDH  probe  as  a  control. 

Statistical  Analysis.  Fisher’s  exact  test  or  the  y2  test  was 
used  to  analyze  the  association  between  two  categorical  vari¬ 
ables.  All  of  the  tests  were  two-sided.  P  <  0.05  was  considered 
to  be  statistically  significant. 

RESULTS 

The  usual  pattern  of  positive  staining  for  PTEN  in  NSCLC 
was  cytoplasmic  and  not  nuclear  (Fig.  2).  Even  when  tumor 
cells  were  negative  for  PTEN  staining,  normal  bronchial  epi¬ 
thelial  cells  in  the  section  were  positive  and  were  used  as  an 
internal  positive  control  of  the  staining  for  PTEN.  PTEN  stain¬ 
ing  among  the  tumor  specimens  was  either  negative,  diffusely 
weak,  strong,  or  of  a  heterogeneous  pattefn  of  variable  intensity. 
Among  the  heterogeneously  stained  specimens,  staining  was 
prominent  in  the  well-differentiated  areas  (Fig.  2D),  According 
to  our  scoring  criteria,  loss  of  PTEN  expression  (-)  was  noted 
in  30  (24%)  of  the  125  NSCLC  specimens.  Weak  expression 
(+)  was  seen  in  57  (46%)  of  the  tumors,  and  strongly  positive 
expression  (++)  was  seen  in  38  (30%)  of  the  tumors.  The 
frequency  of  PTEN  expression  did  not  differ  significantly  by 
tumor-node-metastasis  stage,  sex,  smoking  status,  age,  race,  and 
histological  subtype  between  the  group  with  PTEN  positive 
staining  (+  or  ++)  and  the  group  with  PTEN  negative  staining 
(-;  Table  1).  Survival  times  were  similar  for  patients  with 
PTEN-negative  tumors  and  with  PTEN-positive  tumors  (P  — 
0,88,  log  rank  test;  data  not  shown). 

To  understand  the  mechanism  explaining  loss  of  PTEN 
expression  in  24%  of  125  NSCLC  patients,  we  manually  mi- 
crodissected  20  randomly  selected  PTEN-negative  slides  along 
with  10  PTEN-positive  slides.  MSP  was  performed  on  genomic 
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Table  1  PTEN  status  in  early-stage  NSCLC  tumor  specimens  from  125  patients  according  to  clinicopathologicai  features 


Variable 

patients  (n  =  125) 

Positive  (n  =  95) 

Negative  (n  =  30) 

P 

Age  (yr)  median  (range) 

Sex 

63  (39-83) 

64.5  (41-82) 

64  (39-83) 

0.73 

Male 

93 

70 

23 

0.81 

Female 

32 

25 

7 

Race 

White 

no 

84 

26 

0.75 

Other 

15 

11 

4 

Smoker 

Yes 

107 

87 

20 

0.5° 

No 

8 

6 

2 

Unknown 

Histology  of  tumors 

10 

2 

8 

Squamous  cell  carcinoma 

50 

38 

12 

1 

Adenocarcinoma  and  others 
TNM  stage 

75 

57 

18 

T  jNqMo 

64 

45 

19 

0  14 

TAta0 . . 

"  '  hi  . . 

■"~-T  r 

5-yr  overall  survival  rate 

52.3% 

53% 

50% 

(95%  Cl) 

(44.2-61,9%) 

(43.8-64.2%) 

(35-71.5%) 

a  P  was  calculated  comparing  smoking  versus  nonsmoking  patients. 
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Fig,  3  PTEN  promoter  methylation  status  in  PTEN-positive  (Lanes  1-4)  and  PTEN-negative  primary  lung  cancers  (Lanes  5-9).  NC,  negative  control; 
PC,  positive  control;  M,  amplified  product  with  primers  recognizing  methylated  sequence;  U,  amplified  product  with  primers  recoenizino 
unmethylated  sequence.  45 


DNA  extracted  from  those  samples  (Fig.  3).  No  methylation  was 
found  in  the  10  PTEN-positive  samples*  whereas  a  methylated 
band  was  observed  in  7  (35%)  of  the  PTEN-negative  samples. 
To  further  explore  PTEN  promoter  methylation  status,  we  eval¬ 
uated  a  panel  of  16  NSCLC  cell  lines.  Overall*  1 1  (69%)  of  the 
16  NSCLC  cell  lines  displayed  a  methylated  band  (NCI-H1792* 
-H1299,  -H661,  -H441,  -H358,  -H322*  -H292,  -H157,  Calu-6* 
Calu-1,  and  SK-MES-1).  The  following  cell  lines  only  displayed 
an  unmethylated  band:  NCI-H226,  -H460,  -H591,  -H596*  and 
A549.  The  NSCLC  cell  line  NCI-H1299  displayed  a  clear 
methylated  band  and  had  very  low  levels  of  PTEN  mRNA* 
making  it  a  suitable  candidate  for  treatment  with  the  demethy- 
lating  agent  5-aza-2'-deoxycytidine.  A  net  increase  of  PTEN 
mRNA  was  seen  after  treatment  of  NCI-H1299  cells  with  5-aza- 
2?-deoxycytidine  (Fig.  4)  but  not  with  TSA  (data  not  shown)* 
confirming  the  role  of  the  5?  region  CpG  methylation  in  regu¬ 
lating  PTEN  expression. 

We  further  evaluated  the  correlation  between  PTEN  pro¬ 
moter  methylation  status  and  PTEN  expression  by  Western  blot 
analysis  in  the  same  panel  of  16  NSCLC  cell  lines.  PTEN 
expression  by  Western  blot  in  the  NSCLC  cell  lines  was  either 
absent,  weak,  or  strong  (Fig.  5).  Eleven  cell  lines  displayed  a 
methylated  band:  of  these  1 1,  5  had  a  weak  PTEN  band,  and  5 
had  no  PTEN  band  detectable  by  Western  blotting.  Among  the 
five  cell  lines  without  a  methylated  band  by  MSP*  four  had  a 
strong  PTEN  band  by  Western  blotting.  The  presence  of  a 
methylated  band  by  MSP  was  statistically  correlated  with  weak 
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Fig .  4  Effect  of  5-aza-2'deoxyeytidine  on  PTEN  expression.  NCi- 
HI299  cells  cultured  in  vitro  were  treated  with  5-aza-2  'deoxycytidine  at 
concentrations  of  0.001,  0.01,  0.1,- 1*  and  5  pM.  Expression  of  PTEN 
was  detected  by  Northern  blot,  A  GAPDH  probe  was  used  as  control  for 
the  integrity  of  RNA  in  all  samples. 


or  absent  PTEN  expression  by  Western  blotting  (P  =  0.025, 
Fisher’s  exact  test;  Fig.  6).  Northern  blotting  further  confirmed 
a  low  mRNA  message  in  the  NSCLC  cell  lines  that  had  a 
methylated  band  and  a  weak  or  absent  PTEN  band  by  Western 
blot  (Fig,  6). 

DISCUSSION 

The  PTEN  gene  product  dephosphorylates  tyrosine  and 
serine/threonine  residues  and  exhibits  phosphatase  activities 
with  both  protein  and  lipid  substrates  (16,  17).  The  major 
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Fig,  5  PTEN  expression  evaluated  by  Western 
blot  in  a  panel  of  NSCLC  cell  lines  and  in  two 
normal  HBE  cells,  A  rabbit  polyclonal  antibody 
against  human  PTEN  and  a  goat  antibody  against 
P-actin  were  used  to  probe  the  whole-cell  extracts. 
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Fig.  6  PTEN  promoter  methylation  was  evaluated  by  MSP  (>4), 
NSCLC  cell  lines  with  a  methylated  band  usually  had  a  weak  or  absent 
PTEN  band  as  shown  by  Western  blot  analysis  (B).  These  same  cell 
lines  also  displayed  low  levels  of  mRNA  in  Northern  blots  {€). 


substrate  of  PTEN  is  PIP-3,  a  product  of  PI3K  (18),  The  loss  of 
PTEN  function  increases  the  concentration  of  PIP-3,  which  in 
turn  leads  to  Akt  hyperactivation,  which  suggests  that  the  tumor- 
suppressor  function  of  PTEN  is  exerted  through  the  negative 
regulation  of  the  PI3K/Akt  cell  survival  pathway  (3,  19,  20). 
The  loss  of  PTEN  expression  results  in  increased  Akt  activity 
and  continued  cel!  survival  and  cell  proliferation.  In  studied 
glioma,  breast,  and  prostate  cancer  cell  lines,  PTEN  has  been 
shown  to  mediate  G1  cell  cycle  arrest  and/or  apoptosis  through 
the  suppression  of  the  PI3K/Akt  pathway  (21).  PTEN,  therefore, 
seems  to  play  an  important  role  in  modulating  cell  cycle  pro¬ 
gression  and/or  apoptosis.  Although  the  protein  phosphatase 
activity  of  PTEN  is  not  considered  to  be  as  important  as  its  lipid 
phosphatase  activity  for  tumor  suppression,  the  PTEN  function 
as  protein  phosphatase  has  been  implicated  in  the  inhibition  of 
cell  migration  and  invasion  via  dephosphorylation  of  focal  ad¬ 
hesion  kinase  (FAK),  a  molecule  critical  in  the  regulation  of 
integrin  signaling  (22-24)  and  also  in  the  inhibition  of  cell  cycle 
progression  (24). 

Recently,  frequent  genetic  alterations  and  loss  of  expres¬ 
sion  of  the  PTEN  gene  have  been  found  in  several  malignant 
neoplasms  (4-9).  The  studies  ofPTWin  NSCLC  have  focused 
exclusively  on  searching  for  mutations  or  deletions  of  the  gene, 
with  little  emphasis  on  abnormalities  at  the  protein  level  (10— 


13).  In  one  study  of  NSCLC  cell  lines,  homozygous  deletions  of 
PTEN  were  reported  in  2  (8%)  of  25  cell  lines  tested  (10).  Two 
subsequent  studies,  however,  failed  to  demonstrate  mutation  of 
PTEN  in  the  NSCLC  samples  studied,  neither  in  cell  lines  nor  in 
primary  tumors  (11,  13).  Nevertheless,  Forgacs  et  al  (12)  de¬ 
scribed  poinHTmmTf bits  - irr  3v  (1 1 8*  NSCLC  ceil  lines 
analyzed  (12).  Using  immunohistochemical  analysis  of  125 
NSCLC  patients,  we  showed  that  the  rate  of  PTEN  inactivation 
at  the  protein  level  is  more  frequent  (24%)  than  that  identified  at 
the  genetic  level  (0-16,7%).  Interestingly,  one  previous  study 
(25)  that  screened  a  wide  variety  of  human  neoplastic  tissues, 
also  reported  PTEN  protein  loss  in  25%  of  the  NSCLC  samples 
tested.  We  did  not  find  any  significant  correlation  between  the 
loss  of  PTEN  and  clinicopathological  characteristics  in  our 
NSCLC  patients.  Furthermore,  no  association  was  found  be¬ 
tween  PTEN  expression  and  survival.  This  is  in  contrast  to  the 
results  of  a'  recent  report  in  which  patients  with  breast  cancer 
who  lacked  PTEN  expression  in  their  tumor  had  a  shorter 
survival  time  (26).  Tissue  specificity  or  technical  differences 
(e.g.,  different  antibody  used  for  immunohistochemical  evalua¬ 
tion)  may  account  for  these  different  results. 

The  loss  of  PTEN  expression  in  24%  of  125  patients 
with  early-stage  NSCLC  suggests  that  abrogation  of  PTEN 
function  may  occur  through  multiple  mechanisms.  Loss  of 
PTEN  expression  may  be  explained  by  decreased  protein 
synthesis,  elevated  protein  degradation  or  turnover,  or  other 
posttranslational  modifications.  Another  possible  mechanism 
is  the  epigenetic  inactivation  of  the  gene  through  hyperm- 
ethylation  of  the  promoter  region  (27,  28).  Indeed,  inactiva¬ 
tion  of  other  tumor-suppressor  genes  by  methylation  has  been 
previously  reported  in  patients  with  NSCLC  (29,  30).  We 
found  promoter  methylation  in  7  (35%)  of  20  PTEN-negative 
microdissected  tumors,  whereas  none  of  the  10  PTEN- 
positive  microdissected  tumors  displayed  a  methylated  band. 
In  the  16  NSCLC  cell  lines,  we  found  methylation  in  69%  of 
the  cell  lines  tested.  The  higher  percentage  of  methylation 
found  in  the  lung  cancer  cell  lines  compared  with  primary 
tumors  might  be  explained  by  additional  changes  acquired  in 
culture  or  by  the  fact  that  the  tumor  cell  lines  were  derived 
from  more  aggressive  and  more  advanced  tumors  (stage  III 
and  IV).  Furthermore  DNA,  quality  and  preservation  in  the 
sections  from  formalin-fixed  and  paraffin-embedded  tissue 
blocks  might  not  always  be  optimal.  This  could  partially 
explain  why  only  35%  of  the  PTEN-negative  sections  dis¬ 
played  a  methylated  band.  Additional  mechanisms  (e,g.f  post¬ 
translational  modifications)  could  also  account  for  the  lack  of 
PTEN  expression  in  some  of  the  primary  tumor  samples 
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tested.  It  is  noteworthy  that  our  primer  design  for  PTEN  MSP 
differed  from  the  one  previously  reported  by  Salvesen  et  al 
(28).  Indeed,  through  BLAST  search,  we  have  found  exten¬ 
sive  homology  between  the  PTEN  DNA  region  explored  by 
Salvesen  et  ah  (28)  and  the  chromosome  9  duplication  of  the 
T-cell  receptor  |3  gene  (AF029308),  as  well  as  with  the  highly 
conserved  processed  PTEN  pseudogene  (31).  Therefore,  we 
have  designed  primers  to  explore  a  CpG  island,  with  no 
homology,  located  —1.9  kb  upstream  from  the  region  eval¬ 
uated  by  Salvesen  et  al  (28).  Fig.  1  represents  the  PTEN 
promoter  area  with  the  different  CpG  islands.  It  is  not  clear 
to  date,  which  CpG  island  in  the  very  large  PTEN  upstream 
regulatory  region  is  best  related  to  the  gene  expression.  An 
additional  fact  that  supports  the  importance  of  PTEN  methy- 
lation  in  inactivating  this  gene  is  the  efficacy  of  the 
demethylating  agent  5-aza-2/-deoxycytidine  in  increasing 
PTEN  mRNA  m 'NCI-Ti  1299  cell  line/ ft  is  noteworthy”' that 
TSA  treatment  had  no  effect  on  PTEN  expression,  thus 
highlighting  the  specificity  of  the  demethylating  effect  of 
5-aza-2'~deoxycytidme,  Taken  together,  these  findings  sug¬ 
gest  that  the  methylation  of  PTEN  may  be  an  important 
mechanism  for  silencing  this  gene  in  NSCLC. 

Our  findings  are  in  line  with  similar  findings  reported  in 
endometrial  cancer  (28)  and  suspected  in  ovarian  carcinomas 
and  melanoma  (16,  32).  In  fact,  the  loss  of  PTEN  function  in 
endometrial,  breast,  prostate,  ovarian,  and  melanocytic  tu¬ 
mors  is  more  frequent  than  can  be  adequately  explained  by 
structural  genomic  changes  alone  (33).  We  believe  that  re¬ 
ports  on  PTEN  methylation  are  few  because  proving  an 
epigenetic  mechanism  of  PTEN  silencing  is  technically  chal¬ 
lenging.  Indeed,  one  has  to  take  into  account  the  large  size 
(>250  kb)  of  the  PTEN  upstream  regulatory  region,  the 
existence  of  a  highly  conserved  processed  pseudogene  with 
homology  maintained  up  to  1  kb  upstream  from  the  transla¬ 
tional  start  site,  and  technical  challenges  in  linking  epigenetic 
events  with  expression  level  (31,  33). 

The  elucidation  of  the  mechanism  that  mediates  the  loss  of 
PTEN  expression  has  important  clinical  implications.  The  role 
of  PI3K/Akt/PKB  in  apoptosis  and  survival,  as  well  as  the 
effects  of  dysregulation  of  the  PI3K/Akt/PKB  pathway  in  the 
pathogenesis  of  a  large  fraction  of  human  cancer,  has  been 
identified  (34-37).  Because  demethylating  agents  are  under 
clinical  evaluation,  our  finding  may  provide  an  advantage  in 
therapeutic  strategies,  especially  in  the  treatment  of  NSCLC,  in 
which  constitutive  activation  of  Akt/PKB  occurs  at  a  high 
frequency  (34). 

In  summary,  we  have  demonstrated  that  the  loss  of  PTEN 
is  not  a  rare  event  in  NSCLC,  although  genetic  alterations  of  the 
PTEN  gene  are  rare  in  this  setting.  The  lack  of  PTEN  expression 
may  be  partially  explained  by  promoter  methylation.  We  found 
methylation  of  PTEN  in  35%  of  the  primary  tumors  and  In  69% 
of  the  NSCLC  cell  lines  tested.  Moreover,  we  were  able  to  show 
that  methylation  of  this  gene  Is  reversible  with  5-aza-2'-deoxy- 
cytidine.  Our  findings  of  a  frequent  acquired  tumor-related 
epigenetic  alteration  favor  the  candidacy  of  PTEN  as  a  tumor 
suppressor  gene  also  subject  to  methylation  in  addition  to  point 
mutations  and  homozygous  deletions. 
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ABSTRACT 

Activation  of  telomerase  plays  a  critical  role  in  unlim¬ 
ited  proliferation  and  immortalization  of  cells.  The  purpose 
~  of  thir  sturdy  was  to  evaluate  the  significance  of  iniiriatr 
telomerase  reverse  transcriptase  catalytic  subunit  (hTERT) 
as  a  prognostic  marker. 

The  expression  of  hTERT  in  a  large  population  of  153 
patients  with  stage  I  non-small  cell  lung  cancer  was  analyzed 
using  the  in  situ  hybridization  technique. 

We  found  that  diffuse  and  clear  hTERT  expression  was 
present  in  51  (33%)  of  153  patients.  Kaplan-Meier  analysis 
showed  that  hTERT  expression  was  associated  with  shorter 
overall  survival  ( P  —  0.04),  shorter  disease-specific  survival 
(P  —  0.03),  and  shorter  disease-free  survival  (P  =  0.02). 
Multivariate  analysis  confirmed  this  independent  prognostic 
value  of  hTERT  expression. 

Our  results  indicated  that  hTERT  mRNA  expression  is 
associated  with  malignant  tumor  progression  and  poor  out¬ 
come.  hTERT  may  serve  as  a  useful  marker  to  identify 
patients  with  poor  prognosis  and  to  select  patients  with 
early-stage  non-small  cell  lung  cancer  who  might  benefit 
from  adjuvant  treatment. 

INTRODUCTION 

Lung  cancer  retains  the  leading  position  in  cancer-related 
deaths  in  the  United  States.  In  2002,  it  is  estimated  that  there 
will  be  154,900  deaths  and  169,400  new  cases  from  lung  and 
bronchial  cancer  in  the  United  States,  compared  with  156,900 


Received  2/26/02;  revised  6/3/02;  accepted  6/3/02, 

The  costs  of  publication  of  this  article  were  defrayed  in  part  by  the 
payment  of  page  charges.  This  article  must  therefore  be  hereby  marked 
advertisement  in  accordance  with  18  U.S.C,  Section  1734  solely  to 
indicate  this  fact, 

1  Funded  by  BESCT  (Biology,  Education,  Screening,  Chemoprevention, 
and  Treatment)  Lung  Cancer  Program,  Department  of  Defense  Grant 
D AMD 1 7-0 1-1 -0689- 1  projects  l  and  3  (to  L.  M.  and  F.  R,  K,),  Cancer 
Center  Grant  P30  CA- 16620  (to  M,  D.  Anderson  Cancer  Center), 
Tobacco  Research  Fund  from  the  State  of  Texas  (to  M,  D.  Anderson 
Cancer  Center),  and  Fondation  de  France,  AP-HP,  and  a  Lilly  Founda¬ 
tion  grant  (to  J-C.  S.). 

2  To  whom  requests  for  reprints  should  be  addressed,  at  Department  of 
Thoracic/Head  and  Neck  Medical  Oncology,  The  University  of  Texas 
M.  D.  Anderson  Cancer  Center,  Box  432,  1515  Holcombe  Boulevard, 
Houston,  TX  77030.  Phone;  (713)  792-6363;  Fax:  (713)  796-8655; 
E-mail:  fkhuri@mdandereon.org. 


deaths  and  164,100  new  cases  in  2000  (1).  NSCLC3  comprises 
more  than  80%  of  lung  cancers,  and  complete  surgical  resection 
of  primary  tumors  in  early-stage  disease  is  the  only  potentially 
curative  treatment.  For  patients  with  stage  I  NSCLC  (about  17% 
of  all  patients  with  NSCLC),  the  average  5-year  survival  rate  is 
about  60%.  Adjuvant  cytotoxic  chemotherapy  has  been  pro¬ 
posed  and  evaluated  in  the  setting  of  NSCLC,  and  it  offers 
limited  hope  of  improving  prognosis  (2).  One  area  of  intense 
research  on  early-stage  NSCLC  is  the  identification  of  molec¬ 
ular  markers  to  complement  TNM  staging  to  fully  assess  the 
prognosis  of  patients  and  to  evaluate  the  effects  of  novel  chem¬ 
otherapy  agents  and  regimens"  (3).  "Such  "pro^ostic  markers" "  ‘ 
include  a  wide  variety  of  protein  molecular  markers  that  can  be 
classified  by  different  antibodies  as  molecular  genetic  markers, 
metastatic  propensity  markers,  differentiation  markers,  and  pro¬ 
liferation  markers  (3).  Other  markers  have  been  evaluated  at  the 
mRNA  level  including  retinoic  acid  receptor-p,  cyclooxygen¬ 
ase-2,  vascular  endothelial  growth  factor,  MMP-2  and  -9,  E- 
cadherin,  angiopoietin-2,  and  CD44.  These  markers  have  been 
associated  with  clinicopathological  variables  and  survival  time 
in  patients  with  NSCLC  (4-8), 

Telomerase  is  a  ribonucleoprotein  enzyme  that  lengthens 
chromosome  ends  that  have  been  shortened  during  successive 
cycles  of  cell  division  (9).  Telomerase  is  expressed  in  up  to  85% 
of  NSCLCs  (10,  11),  and  its  activation  plays  a  critical  role  in 
tumorigenesis  by  sustaining  cellular  immortality  (12, 13).  Hahn 
et  ah  (14)  proved  that  disruption  of  the  intracellular  pathways 
regulated  by  large  T  antigen,  oncogenic  ras,  and  telomerase 
suffices  to  create  a  human  tumor  cell.  The  components  of  human 
telomerase  include  an  RNA  subunit  (hTERC),  a  catalytic  protein 
subunit  (hTERT),  and  other  telomerase-associated  proteins  (15). 

It  has  been  shown  that  the  expression  pattern  of  hTERT  is 
closely  associated  with  telomerase  activity  (16-18),  The  recent 
development  of  ISH  techniques  that  can  reliably  detect  hTERT 
mRNA  has  made  it  possible  to  examine  the  expression  of  this 
critical  telomerase  component  at  the  single-cell  level  (18-21). 

In  our  previous  study  (22),  we  evaluated  hTERT  expression  in 
bronchial  biopsy  samples  and  found  that  it  was  a  frequent  event 
and  appeared  at  a  very  early  stage  in  cigarette  smoking-induced 
lung  carcinogenesis,  making  it  clearer  that  telomerase  plays  a 
critical  role  in  tumorigenesis.  Because  we  have  established  a 
reliable  ISH  technique  for  detecting  hTERT  mRNA  expression 
in  paraffin-embedded  tissue,  we  decided  to  evaluate  the  prog¬ 
nostic  value  of  hTERT  in  a  relatively  homogeneous  tumor,  in  a 
population  of  153  patients  with  stage  I  NSCLC. 


3  The  abbreviations  used  are:  NSCLC,  non-small  cell  lung  cancer; 
hTERT,  human  telomerase  reverse  transcriptase  subunit;  ISH,  in  situ 
hybridization;  MMP,  matrix  metalloprotease;  hnRNP  Al,  heterogene¬ 
ous  nuclear  ribonucleoprotein  Al ;  TRAP,  telomeric  repeat  amplification 
protocol;  TNM,  tumor  node  metastasis;  Cl,  confidence  interval;  SCO, 
squamous  cell  carcinoma. 
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MATERIALS  AND  METHODS 

Clinical  Samples  and  Preparation  of  Slides.  Five  hun¬ 
dred  ninety-five  consecutive  patients  with  stage  I  NSCLC  un¬ 
derwent  definitive  surgical  resection,  defined  as  a  lobectomy  or 
a  pneumonectomy,  from  1975  to  1993  at  The  University  of 
Texas  M,  D.  Anderson  Cancer  Center.  We  retrospectively  ex¬ 
amined  1 53  cases  for  which  both  tissue  samples  as  well  as  data 
from  a  median  follow-up  period  of  more  than  5  years  were 
available.  All  available  tissue  blocks  for  each  patient  were 
reviewed  for  the  presence  of  tumor  by  a  thoracic  pathologist 
(B.  L.  K.).  To  prevent  RNA  degradation  in  the  tissue  blocks 
during  sectioning,  we  used  glass  slides  that  were  pretreated  with 
diethylpyrocarbonate-treated  water  (Sigma  Chemical  Co.,  St. 
Louis,  MO)  and  coated  with  poly-lysine  (Sigma  Chemical  Co.). 
The  patient  population  was  identified  through  a  search  of  the 
Tumor  Registry  Database  maintained  by  the  Department  of 
““  Medical  -Informatics  rat  M,  D.  AndefsotT Carter  CenierrThe- 
study  was  reviewed  and  approved  by  the  institution's  Surveil¬ 
lance  Committee  to  allow  us  to  obtain  the  tissue  blocks  and  all 
pertinent  follow-up  information. 

Generation  of  Single-Strand-speciflc  Riboprobes.  The 
riboprobe  used  in  the  present  study,  a  430-bp  EcoRV-BamHI 
fragment  of  the  full-length  hTERT  cDNA,  is  identical  to  the  one 
initially  reported  by  Kolquist  et  al  in  1998  (18).  We  have 
successfully  tested  this  probe-  in  532  paraffm-embedded  sections 
of  bronchial  origin,  in  a  previous  study  (22).  Although  larger 
than  the  classical  50 -3 00-bp  probes  usually  developed  for  ISH, 
this  probe  remains  well  in  the  range  of  previous  probes  used  to 
evaluate  hTERT  by  ISH  (18-22).  Part  of  exon  1  from  hnRNP 
Al  was  used  as  a  control  to  verify  sample  quality. 

Both  cDNA  fragments  were  cloned  into  the  pCRII-TOPO 
vector  (Invitrogen,  Carlsbad,  CA).  The  single-strand-specific 
riboprobes  were  generated  by  using  in  vitro  transcription.  In 
brief,  the  plasmid  was  linearized  with  EcoRV  and  then  tran¬ 
scribed  in  vitro  with  SP6  RNA  polymerase  (Promega,  Madison, 
WI)  using  a  DIG  RNA  labeling  kit  (Roche  Diagnostics,  Inc., 
Indianapolis,  IN).  The  resulting  digoxigenin-labeled  RNA  probe 
was  mixed  with  RNase  inhibitor  (Roche  Diagnostics,  Inc.)  and 
stored  in  aliquots  at  —  80°C.. 

RNA  ISH.  ISH  was  performed  as  described  previously 
(22).  Briefly,  the  sections  were  deparaffmized  in  xylene  and 
then  gradually  rehydrated  in  decreasing  concentrations  of  etha¬ 
nol.  They  were  then  treated  with  2.5  jig/ml  proteinase  K  (Roche 
Diagnostics,  Inc.),  post-fixed  in  4%  paraformaldehyde,  and 
acetylated  in  0.25%  acetic  anhydride/0.1  m  triethanolamine 
(Sigma  Chemical  Co.).  After  dehydrating  in  increasing  concen¬ 
trations  of  ethanol  and  air-drying,  the  sections  were  hybridized 
with  the  probe  at  42°C  for  4  h  by  incubating  in  hybridization 
buffer  [400-  800  ng/ml  of  either  hTERT  or  hnRNP  A I  ribo¬ 
probe,  10%  20 X  SSC,  50%  deionized  formamide,  5%  dextran 
sulfate,  2%  100X  Denhardfs  solution  (2%  Ficoll  400,  2% 
povidone,  and  2%  BSA),  10  raM  DTT,  250  j*g/ml  predenatured 
salmon  sperm  DNA,  and  200  jxg/ml  yeast  tRNA],  The  sections 
were  then  washed  two  times  for  5  min  in  2X  SSC  and  then  for 
2  h  in  2x  SSC  containing  0.05%  Triton  X-100  and  2%  normal 
sheep  serum  (Sigma  Chemical  Co.)  with  agitation  at  room 
temperature.  After  being  briefly  rinsed  in  buffer  1  [0.1  m  maleic 
acid  and  0.15  u  NaCl  (pH  7.5}],  the  sections  were  washed  in 


buffer  1  containing  0.3%  Triton  X-100  and  2%  normal  sheep 
serum  for  another  30  min  at  room  temperature. 

Detection  was  performed  using  the  DIG  Nucleic  Acid 
Detection  Kit  (Roche  Diagnostics,  Inc.)  according  to  the  man¬ 
ufacturer’s  directions.  Anti-DIG  alkaline  phosphotase-conju- 
gated  antibody  was  diluted  1:500.  Nitro-blue  tetrazolium  and 
5-bromo-4-chloro-3-indolyl  phosphate  were  used  as  chromo¬ 
gens.  Slides  ’were  then  rinsed  in  TE  buffer  [10  mM  Tris-HCl/1 
mM  EDTA  (pH  S)]  and  mounted  with  Aqua-Mount  medium 
(Fisher,  Houston,  TX). 

Determination  of  Positive  hTERT  Expression.  As  re¬ 
ported  by  Falchetti  et  al.  (21),  only  slides  displaying  a  clear 
cytoplasmic  signal  could  be  considered  as  positive.  More  spe¬ 
cifically,  our  slides  were  rated  as  positive  if  such  a  definite  and 
clear  signal  was  present  in  at  least  two  large  areas  (X2G0 
magnification)  on  the  slide.  Slides  with  faint  signal,  the  absence 
*v  o£  signal*  or  .onJyTocal  positivity,  were  considered  lo  be  nega*>. 
tive.  We  did  not  grade  the  intensity  of  the  hybridization  signals. 

To  confirm  RNA  preservation  in  hTERT-negative  slides, 
we  randomly  selected  33  such  negative  slides  and  detected  the 
expression  of  the  major  splicing  factor  hnRNP  AL  Because 
hnRNP  Al  is  one  of  the  most  abundant  splicing  factors  In 
human  cells,  this  probe  was  a  good  control  to  check  mRNA 
quality. 

Statistical  Analysis.  All  statistical  analyses  were  per¬ 
formed  using  SAS  software  (version  6.12;  SAS  Institute,  Inc., 
Cary,  NC),  Overall,  disease-specific  and  disease-free  survival 
rates  were  calculated  using  the  Kaplan-Meier  method.  All  sur¬ 
vival  times  were  calculated  from  the  date  of  surgery.  The  overall 
survival  statistic  accounted  for  all  deaths  (cancer  related  or  not). . 
Disease-specific  survival  time  was  calculated  from  the  date  of 
surgery  to  death  from  cancer-related  causes.  Disease-free  sur¬ 
vival  time  was  calculated  from  the  date  of  surgery  to  relapse  or 
death  from  cancer-related  causes.  The  x2  test  was  used  to  test 
the  association  between  two  categorical  variables.  The  Wil- 
coxon  rank-sum  test  was  used  for  differences  in  median  of  age. 
We  used  the  Cox  proportional  hazards  model  for  univariate 
analysis  to  evaluate  the  association  between  survival  time  and 
risk  factors  and  for  multivariate  analysis  to  model  the  risks  of 
hTERT  expression  on  survival  time,  with  adjustment  for  clinical 
and  histopathological  parameters  (age,  sex,  race,  tumor  histol¬ 
ogy,  tumor  size).' All  Ps  were  determined  by  two-sided  tests.  Ps 
less  than  0.05  were  considered  statistically  significant. 

RESULTS 

A  total  of  1 53  cases  that  had  adequate  tumor  specimen  and 
>5 -year  follow-up  information  were  analyzed  for  hTERT 
mRNA  expression  in  this  study.  The  study  population  consisted 
of  115  men  and  38  women;  136  patients  were  white,  and  17 
patients  were  of  other  ethnicities  (Table  1).  Patient  ages  ranged 
from  37-85  years  old,  with  a  median  age  of  63.4  ±  9,2  years 
old.  Histological  subtypes  included  66  cases  of  SCC,  59  cases  of 
adenocarcinoma,  12  cases  of  bronchioalveolar  carcinoma,  5 
cases  of  large  cell  carcinoma,  5  cases  of  adenosquamous  carci¬ 
noma,  and  6  unclassified  eases.  Thirty-nine  patients  died  of  lung 
cancer.  The  other  patients  died  of  heart  disease  (21  cases), 
respiratory  diseases  (15  cases),  other  organ  failures  (6  cases), 
and  unknown  causes  (24  cases).  The  probability  of  5-year  over- 
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Table  1  hTERT  expression  status  in  stage  1  NSCLC  tumors  according  to  clinicopathological  features  of  patients 


hTERT  expression 


Variable 

Total  no.  of  patients 
(a  =  153) 

Positive 
<*  =  51) 

Negative 
(n  =  102)° 

Age  (mean  ±  SD) 

Sex 

63.4  ±  9.2 

643  ±  9.5 

62.9  ±  9.1 

Male 

115 

40 

75 

Female 

Race 

38 

11 

27 

White 

136 

42 

94 

Other 

Smoker 

17 

9 

8 

Yes 

137 

47 

90 

No 

7 

2 

5 

Unknown 

Tumor  histology 

9 

2 

7 

see 

66 

27 

39 

Adenocarcinoma  and  others 

TNM  stage 

87 

24 

63 

TinomI  "  . . 

’27*'  ^ 

T2N0M0 

78 

24 

54 

5-year  overall  survival  rate  (95%  Cl) 

56.1%  (48.7%,  64.6%) 

42.7%  (30.9%,  58.8%) 

62.9%  (54.1%,  73.1%) 

°  This  number  included  36  cases  in  which  the  signal  was  faint  or  focal. 
The  P  was  calculated  to  compare  smoking  and  nonsmoking  patients. 


P 

038 

0.51 

0.09 

lfe 


0.08 
6.49  ~ 


ail  survival  for  the  whole  population  was  56.1%  (95%  Cl 
48.7-64,6%). 

By  using  the  hTERT  riboprobe,  we  detected  diffuse  and 
clear  hTERT  mRNA  expression  in  tumor  cell  nests  as  well  as  in 
some  infiltrating  tumor  lymphocytes  (Fig.  1).  In  pilot  experi¬ 
ments,  the  positive  hybridization  signal  was  always  cytoplasmic 
and  was  abrogated  by  RNase  treatment  of  the  sections  before 
hybridization  with  the  riboprobe,  suggesting  that  the  signal  was 
related  to  the  presence  of  hTERT  mRNA,  The  hybridization 
signal  for  hTERT  mRNA  in  the  tumorous  area  of  positive 
samples  ranged  in  intensity  from  low  or  moderate  to  strongly 
positive  and  was  detectable  in  the  vast  majority  of  cells  exam¬ 
ined  (Fig.  I ).  .Interestingly ,  we  found  hTERT-positive  cases  in 
all  of  the  histological  subtypes  we  tested  (Fig.  1).  Slides  that 
were  negative  for  hTERT  mRNA  (Le.,  that  had  no  hybridization 
signal  or  only  focal  positivity)  also  contained  different  histolog¬ 
ical  subtypes  (Fig.  2),  We  clearly  detected  hnRNP  A1  mRNA, 
used  as  a  positive  control,  in  all  33  of  the  randomly  selected 
hTERT-negative  slides,  therefore  ruling  out  false-negativity  re¬ 
lated  to  RNA  degradation  (Fig.  2), 

Among  these  153  cases  screened  for  hTERT  expression  by 
ISH,  the  percentage  of  tumors  that  were  hTERT  positive  was 
33.3%  (51  cases).  The  positive  slides  were  randomly  distributed 
in  the  different  years  of  surgery,  and  statistical  analysis  did  not 
show  any  difference  between  the  positive  rates  of  slides  by  year 
(data  not  shown).  The  association  between  hTERT  expression 
and  the  general  clinicopathological  characteristics  of  the  pa¬ 
tients  is  shown  in  Table  1.  There  was  no  statistical  significance 
between  age,  sex,  tumor  size  (T1N0M0  versus  T2NOM0),  and 
smoking  status  between  the  hTERT-positive  cases  and  the 
hTERT-negative  cases.  Only  seven  patients  were  nonsmokers, 
thereby  preventing  any  definitive  conclusion  regarding  the  as¬ 
sociation  between  hTERT  expression  and  smoking.  There  was  a 
trend,  but  no  statistical  significance,  toward  more  cases  with 
positive  expression  of  hTERT  in  Caucasians  (P  =  0.09). 


We  subsequently  analyzed  the  relationship  between 
hTERT  expression  and  length  of  survival.  The  median 
follow-up  time  for  the  patient  population  was  10.5  years.  Fig.  3 A 
shows  the  overall  survival  curves  analyzed  using  the  Kaplan- 
Meier  method.  Patients  with  tumors  that  were  hTERT  positive 
had  a  shorter  survival  time  than  did  patients  with  tumors  that 
were  hTERT  negative  (P  =  0.04;  log-rank  test).  The  5-year 
overall  survival  rate  for  patients  whose  tumors  were  hTERT 
positive  was  42.7%  (95%  Cl,  30.9-58.8%)  and  62.9%  (95%  Cl, 
54.1-73.1%)  for  patients  whose  tumors  were  hTERT  negative 
(Table  I).  Fig.  3 B  shows  that  patients  with  positive  hTERT 
expression  had  significantly  shorter  disease-specific  survival 
times  than  did  patients  with  negative  hTERT  expression  (P  = 
0.03;  log-rank  test).  A  comparison  of  disease-free  survival 
curves  in  hTERT-negative  and  hTERT-positive  patients  yielded 
similar  results  (P  =  0.02;  log-rank  test;  Fig.  3Q. 

The  univariate  Cox  proportional  hazards  model  was  used  to 
evaluate  the  association  between  hTERT  expression,  clinico- 
pathological  variables  (age,  sex,  race,  histological  subtype, 
TNM  stage),  and  survival  time.  Table  2  shows  the  results  on 
disease-specific  survival  time.  In  a  multivariate  Cox  propor¬ 
tional  hazards  model,  among  all  clinicopathological  variables, 
hTERT  expression  was  the  only  significant  independent  prog¬ 
nostic  indicator  for  disease-specific  survival. 

DISCUSSION 

■  Numerous  prognostic  factors  have  been  identified  in  pa¬ 
tients  with  early-stage  NSCLC  that  might  enable  classification 
of  such  patients  into  different  subsets  corresponding  to  different 
risks  of  recurrence  following  complete  resection.  Most  of  the 
markers  are  proteins  that  can  be  detected  by  immunohistochem- 
Istry  assays  based  on  the  antigen-antibody  reaction.  These  mark¬ 
ers,  in  general,  can  be  classified  into  four  groups:  molecular 
genetic  markers  such  as  K-ros/p21  protein,  p53  protein,  C-erbB- 
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hTERT 

expression 


H-E 

staining 


Adenocarcinoma  Squamous  cell  Large  cell 

carcinoma  carcinoma 


Fig .  1  hTERT  expression  detected  by 
ISH  in  an  adenocarcinoma  (A%  a  SCC 
(5),  and  a  large  cel!  carcinoma  (C).  Mag¬ 
nification,  X100,  Panels  A  E,  and  F 
represent  Hematoxylin  and  Eosin  stained 
samples  from  the  same  tumors  and  adja¬ 
cent  slices  to  panels  A,  B,  and  C. 


Clinic  sample- 1  Clinic  sample-2  Clinic  sample-3 


Fig,  2  Sample  quality  detected  by 
ISH  with  hnRNP  A1  as  the  control 
in  hTERT -negative  cases.  Magnifi¬ 
cation,  X200, 


hTERT 

negative 


2/p  185,  bcl-2  protein,  and  Rb  protein;  metastatic  propensity 
markers  such  as  CK18  protein,  cathepsin  B  protein,  factor  VIII 
and  type  IV  collagen;  differentiation  markers  such  as  the  ABH 
blood  group  antigen  and  the  Lewis-related  antigen;  and  prolif¬ 
eration  markers  such  aS  Ki-67  nuclear  antigen  and  proliferating 
cell  nuclear  antigen  (3). 

Because  the  major  value  of  prognostic  markers  is  to  guide 


postresection  treatment  in  early-stage  NSCLC,  the  ability  to 
identify  patients  with  a  high  risk  of  cancer-related  events  such  as 
recurrence  or  metastasis  will  help  to  determine  whether  adjuvant 
therapy  is  needed  and  to  evaluate  its  effect.  However,  no  con¬ 
clusions  have  been  reached  about  which  marker  or  markers  are 
better  for  forecasting  patients*  outcomes.  Therefore,  one  of  the 
major  current  interests  in  this  field  is  to  evaluate  other  novel 
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Fig ,  2  Survival  analysis  of 
153  patients  with  stage  I 
NSCLC  based  on  the  classifi¬ 
cation  of  hTERT-positive  and 
-negative  mRNA  expression, 
A ,  overall  length  of  survival;  B, 
disease-specific  survival  time;  C, 
length  of  disease-free  survival. 


Overall  survival  time 


disease-specific  survival  time 


Time  in  Years 


Time  in  Years 


dlsease*free  survival  time 


T*me  in  Years 


Table  2  A  univariate  Cox  proportional  hazards  model  applied  to 
disease-specific  survival  time 


Variable 

Hazard  ratio 

95%  Cl 

P 

Age 

1.0 

0.98-1.05 

0.51 

Sex  (male  or  female) 

1.1 

0.57-2.14 

0.77 

Race  (white  or  other) 

0.56 

0.25-1.25 

0.15 

Histological  subtype 
(SCC  or  other) 

0.76 

0.41-1.42 

0.39 

Tumor  size  (T1  or  T2) 

1.03 

0.57-1.86 

0.92 

hTERT  (+  or  -) 

1.90 

1.04-3.45 

0.036 

markers.  Some  effort  has  been  put  forth  to  test  mRNA  markers 
such  as  retinoic  acid  receptor- (3,  cyclooxygenase-2,  vascular 
endothelial  growth  factor,  MMP-2,  MMP-9,  E-cadherin,  angio- 
poietin-2,  and  CD44  (4-8). 

Telomerase  activity  has  been  described  as  an  independent 
marker  of  poor  prognostic  in  different  human  tumors  such  as 
neuroblastoma,  gastric  cancer,  breast  cancer,  colon  cancer,  cer¬ 
vical  cancer,  and  meningioma  (23-28).  In  patients  with  NSCLC, 
a  conclusion  regarding  the  prognostic  value  of  telomerase  ac¬ 
tivity  remains  unclear.  Hiyama  et  al  (29)  first  observed  a  high 
level  of  telomerase  activity  in  primary  tumors  and  correspond¬ 
ing  metastatic  lesions.  However,  Albanell  et  al  (30)  found  only 
a  weak  association  between  telomerase  activity  and  unfavorable 
prognosis  in  a  mixed  population  of  99  patients  with  stages  I-IV 
NSCLC.  Komiya  et  al  (31)  examined  the  expression  of  hTERT 
mRNA  in  tumor  specimens  from  68  patients  by  using  RT-PCR 
and  did  not  find  a  correlation  between  hTERT  status  and  any 
common  clinical  features,  except  age.  However,  Marchetti  et  al 

(32)  evaluated  the  activity  of  the  telomerase  enzyme  detected  by 
the  TRAP  assay  in  tumors  and  adjacent  noncancerous  lung 
tissue  samples  obtained  from  107  consecutive  patients  with 
pathological  stage  I  operable  NSCLC.  They  found  telomerase 
activity  in  66  of  107  tumors  but  in  none  of  the  corresponding 
adjacent  noncancerous  lung  tissue  samples.  They  also  found  a 
statistically  significant  association  between  telomerase  activity 
and  both  disease-free  and  overall  survival  times.  Kumaki  et  al 

(33) ,  Arinaga  et  al  (34),  and  Satoshi  et  al.  (35)  reported  differ¬ 
ent  conclusions. 


We  considered  that  such  contradictions  in  the  literature 
could  be  attributed  to  analysis  of  heterogeneous  populations 
with  few  patients  with  stage  I  NSCLC,  and  to  the  different 
techniques  used  to  detect  telomerase  activity  or  expression.  To 
address  these  issues,  we  decided  to  use  ISH  to  measure  the 
mRNA  expression  level  of  hTERT  in  a  large  population  of  153 
patients  with  stage  I  NSCLC  for  which  complete  follow-up 
information  was  available.  Because  the  tumor  samples  had  been 
stored  for  a  long  time  (8-26  years),  we  anticipated  that  sample 
quality  would  be  the  first  major  problem  in  getting  a  correct 
signal.  The  second  major  issue  for  successfiil  ISH  is  the  probe. 
A  single-strand  riboprobe  can  yield  a  more  specific  signal  than 
that  of  a  standard  double-strand  cDNA  probe  labeled  mostly  by 
the  random-primer  method.  The  size  and  sequence  of  the  ribo¬ 
probe  are  also  very  important  for  successful  ISH.  The  major 
component  of  human  telomerase  is  hTERT,  and  it  has  been 
proven  that  the  expression  pattern  of  hTERT  is  closely  associ¬ 
ated  with  actual  telomerase  activity  (16-18).  On  the  basis  of  the 
analysis  of  the  hTERT  genomic  sequence,  we  selected  the  most 
conserved  region,  from  exon  7  to  exon  12,  as  the  probe,  which 
also  corresponded  to  the  catalytic  domain  of  this  enzyme.  The 
result  is  shown  in  Fig.  L  We  are  convinced  that  the  hTERT  ISH 
is  a  reliable  technique.  It  can  possibly  be  developed  as  a  clinical 
assay,  and,  in  fact,  in  a  clinical  trial  of  n-(4-hydroxyphenyI) 
retinamide,  a  compound  derived  from  13-e/s-retinoic  acid,  we 
successfully  used  ISH  to  evaluate  its  effect  on  hTERT  expres¬ 
sion  in  the  bronchial  epithelium  of  smokers  (22). 

One  major  concern  generated  by  our  results  is  the  low 
percentage  (33%)  of  hTERT-positive  cases  reported  in  contrast 
to  previous  studies  reporting  telomerase  activity  in  up  to  85%  of 
NSCLCs.  We  believe  that  this  apparent  discrepancy  can  be 
explained  by  the  specific  technique  (ISH)  and  the  strict  criteria 
used  in  our  study  in  comparison  to  the  very  sensitive  TRAP 
assay.  It  is  very  important  to  point  out  that  the  TRAP  assay  does 
not  account  for  tumor  heterogeneity,  and,  therefore,  tumors  with 
few  telomerase-positive  cells  appear  telomerase  positive  in  the 
same  way  as  tumors  in  which  most  cells  are  telomerase  positive. 
Furthermore,  most  previous  studies  on  telomerase  have  been 
carried  out  in  heterogeneous  populations  including  patients  with 
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stages  I-IV  disease  (29-31).  Marehetti  et  al.  (32)  reported  a 
hTERT  positivity  rate  of  66%  by  RT-PCR  in  stage  I  NSCLC. 
Falchetti  et  al  (21)  investigated  the  expression  of  hTERT  in  34 
samples  from  patients  with  primary  de  novo  glioblastoma  mul¬ 
tiforme  by  ISH,  RT-PCR,  TRAP  activity  assay,  and  telomere 
restriction  fragment  Southern  blotting.  They  found  that  60%  of 
the  cases  were  hTERT  positive  by  ISH  and  could  be  classified 
into  two  groups:  those  with  diffuse  and  those  with  focal  hTERT 
expression.  However,  some  studies  have  shown  that  telomerase 
activity  can  be  detected  at  high,  moderate,  and  low  levels  (26, 
28).  In  cell  lines,  we  found  that  the  ISH  signal  generally  corre¬ 
sponded  to  die  level  of  telomerase  activity  detected  by  TRAP 
assay  (data  not  shown).  We  considered  that  the  focal  hTERT 
expression  does  not  seem  to  represent  strong  telomerase  activity 
and  decided  to  classify  the  cases  with  hTERT  focal  expression 
as  negative. 

In  this  study,  even  with  our  criteria,  which  are  stricter  than 
those  used  in  other  studies,  a  definite  association  exists  between 
hTERT  expression  and  all  of  the  clinically  relevant  outcomes. 
This  strongly  supports  our  notion  that  substantial  hTERT 
mRNA  expression  could  be  an  ideal  marker  for  assessing  prog¬ 
nosis  of  patients  with  early-stage  NSCLC  and  evaluating  the 
effect  of  new  chemotherapeutic  agents. 

In  conclusion,  based  on  a  large  population  of  patients  with 
stage  I  NSCLC,  our  results  indicate  that  hTERT  mRNA  expres¬ 
sion  is  associated  with  malignant  tumor  progression,  thereby 
making  it  a  potentially  suitable  prognostic  marker.  ISH  of 
hTERT  expression  may  be  used  to  distinguish  patients  with  poor 
'  prognosis  and  to  potentially  guide  the  regimen  of  adjuvant 
chemotherapy  for  patients  with  early-stage  NSCLCs.  Neverthe¬ 
less,  confirmatory  studies  by  independent  groups,  using  ISH  or 
alternative  techniques  (RT-PCR,  TRAP),  are  necessary. 
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CACNA2D2-mediated  apoptosis  in  NSCLC  cells  is  associated  with 
alterations  of  the  intracellular  calcium  signaling  and  disruption  of 
mitochondria  membrane  integrity 
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The  CACNA2D2  gene,  a  new  subunit  of  the  Ca2+-channel 
complex,  was  identified  in  the  homozygous  deletion  region 
of  chromosome  3p21.3  in  human  lung  and  breast  cancers. 
Expression  deficiency  of  the  CACNA2D2  in  cancer  cells 
suggests  a  possible  link  of  it  to  Ca2+  signaling  in  the 
pathogenesis  of  lung  cancer  and  other  cancers.  We 
investigated  the  effects  of  overexpression  of  CACNA2D2 
on  intracellular  Ca2+  contents,  mitochondria  homeostasis, 
cell  proliferation,  and  apoptosis  by  adenoviral  vector- 
mediated  wild-type  CACNA2D2  gene  transfer  in  3p21,3- 
deficient  nonsmall  cell  lung  cancer  cell  lines.  Exogenous 
expression  of  CACNA2D2  significantly  inhibited  tumor 
cell  growth  compared  with  the  controls.  Overexpression  of 
CACNA2D2  induced  apoptosis  in  H1299  (12.5%),  H358 
(13.7%),  H460  (22.3%),  and  A549  (50.1%)  cell  lines. 
Levels  of  intracellular  free  Ca2+  were  elevated  in 
AdCACNA2D2-transduced  cells  compared  with  the  con¬ 
trols.  Mitochondria  membrane  depolarization  was  ob¬ 
served  prior  to  apoptosis  in  Ad-CACNA2D2  and  Adp53- 
transduced  H460  and  A549  cells.  Release  of  cyt  c  Into  the 
cytosol,  caspase  3  activation,  and  PARP  cleavage  were 
also  detected  in  these  cells.  Together,  these  results  suggest 
that  one  of  the  pathways  in  CACNA2D2-induced 
apoptosis  is  mediated  through  disruption  of  mitochondria 
membrane  integrity,  the  release  of  cyt  c,  and  the 
activation  of  caspases,  a  process  that  is  associated  with 
regulation  of  cytosolic  free  Ca2+  contents. 

Oncogene  (2003)  22,  615-626.  doi:10.1038/sj.onc.  12061 34 
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Introduction 

The  novel  gene  CACNA2D2  has  recently  been  identified 
in  the  homozygous  deletion  region  of  chromosome 
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3p21.3  in  human  lung  and  breast  cancers  (Gao  et  al, 
2000,  Lerman  and  Minna,  2000).  It  is  characterized 
structurally  as  a  new  a2<52  auxiliary  subunit  of  the 
voltage-activated  calcium  channel  (YACC)  protein 
complex.  The  CACNA2D2  gene  spans  an  -140  kb 
genomic  locus  in  the  3p21.3  region,  consists  of  at  least 
40  exons,  and  is  expressed  as  a  5.5-5.7kb  mRNA.  The 
CACNA2D2  protein  consists  of  1146  amino  acids  with 
a  predicted  molecular  mass  of  130kDa  (Gao  et  al , 
2000).  Three  splicing  variants  of  CACNA2D2  mRNA 
have  been  detected,  which  result  in  two  protein  isoforms 
with  different  N-terminals  (Angeloni  et  al ,  2000).  The 
CACNA2D2  protein  shows  a  56%  amino-acid  sequence 
homology  to  that  of  the  albl  subunit  of  the  VACC 
complexes  and  shares  a  similar  secondary  and  tertiary 
structure  with  the  CACNA2D1,  as  suggested  by  the 
analysis  of  hydrophobicity ,  potential  glycosylation  sites, 
and  bridge-forming  cysteines  of  the  primary  sequence 
(Angeloni  et  al ,  2000).  The  CACNA2D2  protein  is 
highly  expressed  in  normal  lung  tissue,  but  either  absent 
or  underexpressed  in  more  than  50%  of  lung  cancers 
(Gao  et  al ,  2000).  Since  cancer  cells  are  deficient  in 
CACNA2D2,  it  has  been  suggested  that  CACNA2D2 
could  be  a  tumor  suppressor  gene  linking  Ca2+  signaling 
with  the  pathogenesis  of  lung  cancer  and  other  cancers 
(Gao  et  al ,  2000). 

Growing  evidence  has  demonstrated  that  Ca24 
signaling  regulates  and  controls  diverse  cellular  pro¬ 
cesses  such  as  cell  fertilization,  development,  prolifera¬ 
tion,  learning  and  memory,  contraction  and  secretion, 
and  cell  death  (Berridge  et  al,  1998,  2000).  The 
universality  of  calcium  -as  an  intracellular  messenger 
depends  on  the  enormous  range  of  timing,  spatial,  and 
temporal  signals  it  can  create  in  the  complicated  cellular 
processes  (Berridge  et  al ,  1998,  2000).  Alteration  of  the 
spatial  and  temporal  balances  of  intracellular  calcium  by 
either  environmental  stimuli  or  calcium  effectors  can 
result  in  cell  death  by  both  necrosis  and  apoptosis 
(Lemasters  et  al,  1998;  Berridge  et  al,  2000;  Zhu  et  al, 
2000). 

Early  loss  of  CACNA2D2  expression  in  the  patho¬ 
genesis  of  lung  cancer  (Angeloni  et  al,  2000),  inactiva¬ 
tion  of  expression  of  other  calcium  channel-related 
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proteins  such  as  calcium/calmodulin-dependent  death- 
associated  protein  kinase  (DAPK)  (Raveh  and  Kimchi, 
2001)  and  CACNA1G  by  promoter  hypermethylation  in 
various  human  cancers  (Toyota  et  al.,  1999;  Ueki  et  al., 
2000;  Zochbauer-Muller  et  al.,  2001),  and  the  growing 
role  of  Ca2+  signaling  in  cell  regulation  (Berridge  et  al, 
2000),  and  especially  its  involvement  in  the  mitochon- 
dria-mediated  apoptotic  pathway  (Rutter  and  Rizzuto, 
2000;  Zhu  et  al.,  2000),  motivated  us  to  further 
investigate  the  function  of  the  calcium  channel  protein 
CACNA2D2  in  the  regulation  of  cell  proliferation  and 
cell  death  and  in  the  pathogenesis  of  human  cancers. 
This  study  encompasses  the  effect  of  the  ectopic 
expression  of  CACNA2D2  on  mitochondria  home¬ 
ostasis,  cell  proliferation,  apoptosis,  and  intracellular 
Ca2+  contents  by  adenoviral  vector-mediated  wild-type 
(wt)-CACNA2D2  gene  transfer  in  various  3p21.3- 
deficient  NSCLC  cell  lines.  We  demonstrated  that 
CACNA2D2-induced  apoptosis  was  mediated  through 
a  cellular  process  involved  in  the  regulation  of  the 
intracellular  Ca2+  contents,  the  disruption  of  mitochon¬ 
dria  membrane  integrity,  the  release  of  cyt  c,  and  the 
activation  of  downstream  caspases. 


Results 

Exogenous  expression  of  CACNA2D2  inhibits  tumor  cell 
growth 

To  evaluate  whether  the  CACNA2D2  could  function  as 
a  tumor  suppressor  or  a  cell  death  mediator  by 
inhibition  of  tumor  cell  growth  in  lung  cancer,  we 
performed  a  series  of  experiments  to  study  the  effect  of 
ectopic  expression  of  the  CACNA2D2  gene  on  cell 
proliferation  in  various  Ad-CACNA2D2-transdueed 
human  NSCLC  cell  lines  NCI-H1299,  NCI-H460, 
NCI-H358,  and  A549,  with  varying  status  of  3p21.3 
markers  (Figure  1).  Cells  from  each  line  were  transduced 
in  vitro  by  the  Ad-CACNA2D2  vector  administered  at 
various  MOIs,  and  cells  treated  with  PBS,  the  empty 
vector  Ad-EV,  Ad-LacZ,  or  Ad-GFP  were  used  as 
controls.  The  transduction  efficiency  was  determined  by 
examining  the  GFP-expressing  cells  in  the  Ad-GFP 


transduced  cell  population  under  a  fluorescence  micro¬ 
scope.  The  transduction  efficiency  of  the  adenoviral 
vectors  was  greater  than  80%  at  the  highest  MOI 
applied  for  each  cell  line.  Expression  of  CACNA2D2 
was  verified  by  RT-PCR  analysis  (Figure  la)  and 
Western  blot  analysis  (Figure  lb),  respectively,  in  Ad- 
CACNA2D2-transduced  NSCLC  cells.  The  transfection 
by  plasmid  DNA  and  the  transduction  by  adenoviral 
vector  are  less  efficient  in  A549,  H460,  and  H358  cells 
than  those  in  HI 299  cells.  Although  the  transcription  of 
CACNA2D2  could  be  detected  by  RT-PCR  (Figure  la), 
the  protein  expression  could  only  be  detected  at  a  trace 
amount  by  Western  blot  analysis  (Figure  lb)  in  the 
CACNA2D2-containing  plasmid  DNA-transfected 
A459,  H460,  and  H358  cells.  A  significantly  elevated 
expression  of  CACNA2D2  proteins  could  be  detected  in 
all  cell  lines  transduced  by  the  Ad-CACN  vector 
(Figure  lb). 

We  analysed  cell  proliferation  by  determining  the 
viability  of  cells  at  2  and  5  days  post-transduction, 
respectively.  Tumor  cell  growth  was  significantly  in¬ 
hibited  in  all  the  cell  lines  transduced  by  the  Ad- 
CACNA2D2  vector  5  days  after  transduction,  com¬ 
pared  with  what  we  observed  with  untreated  cells  (PBS) 
or  those  treated  with  Ad-EV  and  Ad-LacZ  controls 
(Figure  lc).  The  A549  cell  line  appeared  to  be  the  most 
sensitive  to  the  ectopic  expression  of  CACNA2D2  and 
showed  a  more  than  60%  reduction  in  cell  viability  at 
day  5  (Figure  lc,  A549),  while  moderate  reduction  of 
cell  viability  was  observed  in  Ad-CACNA2D2-trans- 
duced  H358  (44%),  H460  (42%),  and  H1299  (28%)  cells 
(Figure  lc).  Adp53  was  used  as  a  positive  control  and 
was  less  effective  than  Ad-CACN A2D2  in  A549  and 
H460,  which  contain  wt-p53.  No  significant  effect  on 
cell  viability  was  observed  in  controls  treated  with  PBS, 
AdEV,  and  Ad-LacZ. 

The  effect  of  enforced  expression  of  the  wt-CAC- 
NA2D2  gene  on  tumor  growth  was  further  evaluated  in 
vivo  by  direct  intratumoral  injection  of  Ad-CACNA2D2 
vector,  along  with  PBS  and  Ad-LacZ  vector  as  controls, 
into  human  NSCLC  H460  tumor  xenografts  in  nu/nu 
mice  (Figure  Id).  The  growth  of  tumors  was  recorded 
from  the  first  injection  until  about  20  days  after  the  last 
injection.  Tumor  volumes  were  normalized  by  calculat- 


r  A  rT\j  I  ? Adenov'ra*  AVj Mtopic  expression  of  CACNA2D2  gene  inhibited  NSCLC  cell  growth  in  vitro,  (a)  Expression  of  the 
Ji”  Ad'CACNA2D2  (CACNJ-transduced  NSCLC  cells  by  RT-PCR  analysis.  Total  RNAs  were  prepared  from  H1299  A549 
H460  and l  H358  cells  transduced  by  the  Ad-CACNA2D2  vector  for  48  h  at  MOIs  of  1000  and  2500  vp/c,  respectively,  and  the  RNA  prepared  from 
cells  transfected  with  a  CACNA2D2-expressmg  plasmid  DNA  (pLJ58)  was  used  as  a  positive  control.  The  RNA  samples  were  treated  with  DNAse 
prior  to  the  RT  reaction,  (b)  Western  blot  analysis  of  expression  of  CACNA2D2  protein.  The  crude  protein  lysates  were  prepared  from  NSCLC 
cells  treated  m  the  same  way  as  described  for  RNA  sample  preparation  in  a.  The  rabbit  anti-CACNA2D2  polyclonal  antibodies  were  used  for 
(Ci  „IZ.aSSay  show,s  the  effect  of  ect°Plc  exPression  of  CACNA2D2  on  tumor  cell  viability.  Cells  from  NSCLC  cell  lines  A  549  H460 
?norf9’  fnrd  ^anduccd  with  Ad-CACN A2D2  vectors  (CACN)  at  varied  MOIs:  2500  for  A549,  4000  for  H460,  1000  for  H1299,  and 

2000  vp/c  for  H358  cells.  Untreated  (PBS),  Ad-EV  (EV)  treated,  and  Ad-LacZ(LacZ)-treated  cells  were  used  as  negative  controls  and  Adp53(p53)- 
treated  cells  as  a  positive  control,  at  the  same  MOIs  as  CACN-treated  cells  for  each  cell  line.  Cell  viability  was  calculated  relative  to  that  of 
S*  Dlfferences  were  significant  in  the  CACN-transduced  cells  compared  to  the  untreated  (PBS)  control  cells  (fJ  =  0021  in 
H1299,  P<0.Q001m  H358,  H46G,  and  A549  cells)  and  to  the  Ad-LacZ-transduccd  cells  (P  <0.0001  in  H358,  H460s  and  A549  cells)  after  5  days  of 
transduction.  Differences  between  CACN-treated  cells  and  controls  were  not  significant  in  the  HI 299  cell  line,  (d)  Effects  of  intratumoral 
administration  of  CACN  on  growth  of  human  lung  cancer  H460  subcutaneous  tumors  in  nujnu  mice.  Results  were  reported  as  the  mean+s.d.  in 
+  1°  miCC  f°r  €fC? treatment  group.  Tumor  volumes  were  normalized  by  the  percentage  increase  of  tumor  sizes  after  treatment  relative  to  those 

at  the  beginning  of  the  treatment  m  each  group.  Mean  tumor  volumes  ±s.e.  from  these  experiments  are  shown.  The  differences  of  the  tumor 
volumes  m  the  CACN-treated  mice  versus  the  PBS-  and  Ad-LacZ-treated  controls  were  significant  (P< 0.0001  and  0.015,  respectively) 
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ing  the  percentage  increase  in  tumor  volume  after 
treatment  relative  to  volume  at  the  beginning  of 
treatment  in  each  group.  A  significant  suppression  of 
tumor  growth  was  observed  in  H460  tumors  treated 
with  Ad-CACNA2D2  vector  compared  with  those 


control  groups  treated  with  PBS  (P<  0.0001)  and  with 
Ad-LaeZ  (P  =  0.015)  (Figure  Id).  These  results  obtained 
in  vivo  are  consistent  with  those  observed  in  vitro  for 
effects  on  inhibition  of  tumor  cell  growth  and  induction 
of  apoptosis  in  the  same  cell  line. 
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Induction  of  apoptosis  by  exogenous  expression  of 
CACNA2D2 


One  of  the  physiological  functions  associated  with 
calcium  channel  proteins  is  their  ability  to  induce 
apoptosis  by  regulating  intracellular  Ca+2  signaling 
and  several  downstream  pathways  (Lam  et  al,  1994; 
Walker'and  De  Waard,  1998;  Felix,  1999;  Wang  et  al., 
1999a;  Zhu  et  al.,  1999,  2000).  To  test  whether  the 
growth  inhibition  by  the  ectopic  expression  of  CAC- 
NA2D2  was  caused  by  induction  of  apoptosis,  we 
performed  FACS  analysis  with  TUNEL  reaction  and  PI 
staining  to  examine  DNA  fragmentation  and  cell  cycle 
kinetics  in  Ad-CACNA2D2-transduced  cells  (Figure  2). 
Significant  induction  of  apoptosis  was  observed  in  Ad- 
CACNA2D2-transduced  A549  (50.1%)  (Figure  2a), 
H460  (22.3%)  (Figure  2b),  and  H358  (18.7%) 
(Figure  2d)  cells  at  5  days  after  transduction  compared 
with  cells  treated  with  what  was  seen  with  the  Ad-EV  or 
Ad-LacZ  (from  2  to  10%)  control  vectors  at  the  same 
time  (Figure  2).  However,  no  significant  induction  of 
apoptosis  was  detected  in  Ad-CACNA2D2-transduced 
HI 299  cells  (Figure  2c)  at  the  same  MOIs.  The 
magnitude  of  and  trend  toward  the  induction  of 
apoptosis  in  these  Ad-CACNA2D2-treated  cells  paral¬ 
leled  the  degree  and  trend  towards  growth  inhibition 
(Figure  lc).  The  correlation  coefficients  between  the 
relative  cell  viability  and  the  relative  apoptotic  cell 
populations  in  Ad-CACNA2D2-treated  cells  versus 
PBS-treated  controls/PBS  are  significant  (P  <  0.05)  in 
all  four  NSCLC  cell  lines  A549,  H1299,  H460,  and  H358 
cells  (r=  -0.96198,  -0.79416,  -0.99436,  and  -0.95744, 


respectively),  but  with  a  less  degree  of  correlation  in 
HI 299  cells  which  are  less  sensitive  to  exogenous 
expression  of  CACNA2D2,  suggesting  that  the  growth 
inhibition  by  the  ectopic  expression  of  CACNA2D2 
might  be  mediated  by  the  induction  of  apoptosis.  We 
saw  no  significant  alteration  in  cell  cycle  kinetics,  such  as 
G1  arrest  or  G2/M  arrest,  in  these  Ad-CACNA2D2- 
transduced  cells  (data  not  shown). 


Upregulation  of  intracellular  free  cytosolic  Ca2* 

CACNA2D2  is  structurally  related  to  the  a2<52  subunit 
of  the  VACC  protein  complex,  which  has  been 
suggested  to  regulate  Ca+2  trafficking  through  the 
channel  and  the  retention  of  VACC  at  the  plasma 
membrane  without  significant  change  in  such  properties 
as  channel  gating  or  permeation  (Wang  et  al.,  1999b; 
Marais  et  al.,  2001).  To  examine  whether  the  ectopic 
overexpression  of  this  CACNA2D2  subunit  would 
increase  free  cytosolic  Ca2+  influx,  we  measured  changes 
in  the  levels  of  intracellular  Ca2+  in  Ad-CACNA2D2- 
transduced  cells  by  a  sensitive  FACS  and  fluorescence 
image  analysis  with  fluorescent  Fluo3-AM  staining 
(Kao  et  al.,  1989).  Fluo3-AM  dye  binds  specifically  to 
free  Ca2+  and  shows  an  increase  of  emission  fluores¬ 
cence  at  530  nm  upon  excitation  at  488  nm.  The 
fluorescence  intensity  depends  on  how  much  free  Ca2+ 
is  bound.  We  detected  a  significant  increase  of  fluores¬ 
cence  emission  in  Ad-CACNA2D2-transduced  H460 
(P  =  0.015  and  0.03)  (Figure  3a  (panel  c)  and  b)  and 
A549  (P  —  0.001  and  0.002)  (Figure  3a  (panel  g)  and  b) 


Bays  after  Transduction 


Figure  2  Apoptosis  is  induced  by  adenoviral  vector-mediated  expression  of  CACNA2D2  in  vitro .  NSCLC  cell  lines  A549  (a)  H460 
(b),  HI 299  (c),  and  H358  (d)  were  tranduced  with  Ad-CACNA2D2  vectors  (CACN)  at  varied  MOIs  for  each  line  as  shown  in  Figure  L 
Untreated  (PBS),  Ad-EV  (EV)-treated,  and  Ad-LacZ  (LacZ)-treated  cells  were  used  as  negative  controls  and  Ad-p53(p53)-treated  as  a 
positive  control.  The  percentage  of  apoptosis  (TUNEL-positive)  in  cells  transduced  for  2  or  5  davs,  respectively,  was  determined  by 
FACS  analysis.  Induction  of  apoptosis  was  significant  in  CACN-treated  A549,  H460,  and  H358  cells  compared  to  those  in  PBS-treated 
CP  =  0.0004,  0.0321,  and  0.0003,  respectively)  and  to  those  in  Ad-LacZ-treated  (P- 0.021,  0,048,  and  0.027,  respectively)  controls  5 
days  after  transduction.  Differences  in  induction  of  apoptosis  were  not  significant  (P>0,05)  between  CACN-treated  cells  and  controls 
m  A549,  H460,  and  H358  gell  lines  at  48h  post-transduction  and  in  H1299  at  both  48  and  120h  post-transduction 


Oncogene 


Figure  3  Ectopic  expression  of  CACNA2D2  increased  the  level  of  the  intracellular  free  calcium,  (a)  Fluorescence  image  analysis  of 
free  cytosolic  Ca~+  in  Ad-CACNA2D2  (CACN)-transdueed  H460  and  A549  cells  by  Fluo  3-AM  staining.  Images  of  the  CACN-treated 
H460  cells  at  an  MOI  of  4000  vp/e  (c)  and  A549  cells  (g)  at  an  MOI  of  2500  vp/e,  untreated  (PBS)  (a  and  e)  and  Adp53  (p53)-treated 
cells  (b  and  f),  and  ionomycin -treated  control  cells  (d  and  h)  at  48  h  post-treatment  are  shown,  (b)  Free  Ca2+-spedfic  fluorescence 
emission  was  quantified  by  FACS  analysis  with  Fluo  3-AM  staining.  Cells  were  treated  as  described  in  panel,  (a)  The  differences  of  free 
intracellular  Ca2+  are  expressed  semiquantitatively  through  the  differences  in  relative  fluorescence  .  The  increase  in  free  cytosolic  Ca2  + 
was  significant  in  the  CACN-treated  H460  0.01 5  and  0.032)  and  A549  cells  (P  =  0.001  and  0.002),  but  not  significant  in  H1299 

cells  (P  =  0.785  and  0.865)  compared  with  the  increase  seen  with  untreated  (PBS)  and  p53-treated  controls 


48  h  after  treatment,  but  this  was  not  seen  in  the 
untreated  cells  and  the  p53~transduced  cells  (Figures  2a 
(panels  a  and  e)  and  3b),  but  not  a  significant  increase  in 
Ad-CACNA2D2-transduced  HI 299  cells  (Figure  3b). 
An  increase  in  the  level  of  fluorescence  emission  in 
Adp53~treated  cells  (Figure  3a  (panels  b  and  f)  and  b) 
was  also  detected,  but  exhibited  a  lower  magnitude  and 
a  slower  manifestation  (the  peak  emission  was  registered 
72-96  h  post-treatment)  than  that  in  Ad-CACNA2D2- 
transduced  cells  (the  peak  emission  was  registered  48  h 
post-treatment).  The  increase  of  free  cytosolic  Ca2+ 
occurred  shortly  prior  to  apoptosis  in  these  Ad- 
CACNA2D2-treated  cells,  suggesting  a  possible  asso¬ 
ciation  of  the  induction  of  apoptosis  by  CACNA2D2 
activity  and  the  regulation  of  intracellular  Ca2+  signal¬ 
ing,  homeostasis,  or  both.  However,  this  experimental 
setting  does  not  allow  to  link  mechanistically  the  Ca2+ 
increase  to  the  apoptotic  induction.  The  Fluo3-AM 
loading  and  staining  conditions  were  optimized  and 
confirmed  by  treating  cell  samples  with  2  pg  of 
ionomycin  (a  ionophore)  (Kochegarov  et  al ,  2001)  as 
a  positive  control,  which  showed  uniform  fluorescence 
emission  increase  in  all  treated  cells  (Figure  3a,  panels  d 
and  e). 

Interruption  of  mitochondria  membrane  potential 

Depolarization  of  mitochondria  and  loss  of  mitochon¬ 
dria  membrane  potential  can  be  a  rate-limiting  step  in 
apoptosis  as  well  as  in  necrptic  cell  death  (Kroemer  and 


Reed,  2000;  Vieira  et  aL ,  2000).  The  emerging  evidence 
suggests  that  an  excessive  influx  of  Ca2+  represents  a 
prototypical  example  of  a  cell  death  stimulus  where 
mitochondria  membrane  depolarization  precedes  cyt  c 
release  (Reed  and  Kroemer,  2000;  Vieira  et  al ,  2000). 
To  investigate  further  the  impact  of  the  observed 
increase  in  intracellular  free  Ca2+  influx  by  ectopic 
expression  of  CACNA2D2  on  mitochondria  membrane 
integrity,  we  analysed  the  changes  of  mitochondria 
membrane  potential  in  Ad-CACNA2D2-transduced 
NSCLC  cells  by  FACS  with  mitochondria  membrane 
potential-specific  fluorescent  JC-1  staining  (Figure  4). 
Mitochondria  depolarization,  as  demonstrated  by  a 
significant  fluorescent  shift  with  an  increase  in  green 
(540  nm)  emission  (Figure  4a),  was  observed  in  Ad- 
CACNA2D2-transduced  H460  and  A549,  cells  between 
24  and  48  h  after  transduction  (Figure  4b),  but  not  in 
untreated  or  Ad-LacZ-transduced  cells.  After  72  h  of 
transduction  by  the  Ad-CACNA2D2  vector,  more  than 
84%  of  the  A549  cells  (Figure  4b,  A549)  and  80%  of 
H460  (Figure  4b,  H460)  cells  revealed  mitochondria 
membrane  depolarization;  however,  no  significant 
changes  were  observed  in  the  HI 299  cells  (Figure  4b, 
HI 299).  Adp53  induced  similar  changes  in  H460,  A549 
and  H1299  cells  (Figure  4).  Mitochondria  membrane 
depolarization  preceding  induction  of  apoptosis  in  cells 
transduced  by  Ad-CACNA2D2  at  the  same  MOIs 
(Figure  2)  suggests  that  the  mitochondria  depolarization 
mediated  by  an  elevated  level  of  Ca2"  influx  is  an  earlier 
event  in  CACNA2D2-induced  apoptosis. 
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Figure  4  Ectopic  expression  of  CACNA2D2  reduced  the  mitochondria  membrane  potential,  (a)  Changes  in  the  mitochondria 
membrane  potential  m  Ad-CACNA2D2-transduced  A549  cells  are  revealed  by  FACS  analysis  with  JC-1  staining.  A549  cells  were 
transduced  with  adenoviral  vectors  for  6,  24, 48,  and  72  h  at  an  MOI  of  2500  vp/c.  Fluorescence  emission  of  red  at  590  nm  (indicating 
high  membrane  potential  and  aggregation  of  JC-1  dye)  and  green  at  530  nm  {indicating  the  collapse  of  membrane  potential  and  the 
monomer  of  JC-.l  dye)  were  measured  by  FACS.  CACN  (n,  o,  p,  q>  and  p53  (j,  k,  1,  m)-transduced  cells  showed  mitochondria 
menibrane  depolanzation  as  evidenced  by  the  fluorescence  emission  shift  to  the  longer  wavelength  of  green.  PBS  (a,  b,  c,  d>  and  LacZ 
\e’  I’ng\^AanSC* . C??,  ^  not  s*10.w  a  mar'cec*  shift  to  the  right,  (b)  Relative  green  fluorescence  was  higher  in  CACN-transduced 

9,  H460,  and  H1299  cells  than  in  untreated  (PBS)  control  cell.  The  decrease  of  the  mitochondria  membrane  potential  or 
depolanzation  is  significant  in  the  CACN-transduced  A549  cells  (P=  0.002)  and  H460  (P  =  0,005)  but  not  in  HI 299  cells  after  48  h  of 
transduction  or  in  the  untreated  (PBS)  control  cells 


Cyt  c  release  from  mitochondria 

Release  of  cyt  c  from  the  mitochondria  plays  an  integral 
role  in  apoptosis.  To  evaluate  whether  cyt  c  release 
might  be  an  integral  part  of  CACNA2D2-mediated 
apoptosis  in  a  process  involving  regulation  of  Ca2+ 
influx  and  interruption  of  the  mitochondria  membrane 
integrity,  we  performed  Western  blot  analysis  of  cyt  c  in 
the  fractionated  mitochondria  and  cytosolic  lysates  in 
Ad-CACNA2D2-treated  A549  cells  (Figure  5).  The 
release  of  cyt  c  from  mitochondria  to  cytosol  was 
detected  in  both  the  Ad-CACNA2D2-transduced  A549 
cells  at  an  MOI  of  2500  (viral  particles/cell)  vp/c 
(Figure  5a,  lanes  3  and  9)  and  H460  cells  at  an  MOI 
of  4000  vp/c  (Figure  5a,  lanes  6  and  12),  but  no 
significant  changes  in  cyt  c  in  the  cytosol  fraction  were 
detected  in  untreated  (PBS)  (Figure  5a,  lanes  1,  4,  7,  and 
10)  and  Ad-LacZ-transdueed  (Figure  5a,  lanes  2,  5,  8, 
and  1 1)  cells.  No  significant  change  in  levels  of  the  cyt  c 
in  both  the  mitochondria  and  cytosol  fractions  was 
observed  in  Ad-CACNA2D2-transduced  HI 299  cells 
(data  not  shown).  Cyt  c  release  began  at  48  h  after 
transduction  and  increased  over  time  as  demonstrated  in 
Ad-CACNA2D2-transduced  A549  cells  (Figure  5b). 


The  changes  in  cell  morphology  and  subcellular 
localization  of  cyt  c  (probed  with  an  anti-human  cyt  c 
monoclonal  antibody)  were  demonstrated  in  fluores¬ 
cence  images  of  A549  cells  transduced  with  Ad- 
CACNA2D2  (Figure  5c).  The  characteristic  pattern  of 
the  mitochondria  distribution  of  cyt  c  still  remained  24  h 
after  transduction  (Figure  5c,  panel  a)  but  was  lost  48  h 
after  transduction  at  this  MOI  (Figure  5c,  panel  b).  The 
release  of  cyt  c  from  mitochondria  into  the  cytosol  and 
the  typical  nuclear  changes  because  of  apoptosis  were 
evident  48  h  after  (Figure  5c,  panel  b)  and  72  h  after 
(Figure  5c,  panel  c)  transduction.  The  accumulation  of 
apoptotic  cell  populations  was  also  detected  48  h  after 
transduction  and  increased  in  time  as  shown  by  FACS 
with  PI  staining  (Figure  5d),  The  timing  of  the 
CACNA2D2-indueed  cyt  c  release  was  sequential  and 
matched  the  timing  of  CACNA2D2-indueed  changes  in 
intracellular  Ca2+  influx  (Figure  3)  and  mitochondria 
membrane  potential  (Figures  4  and  5d), 

Activation  of  caspase  3  and  PARP 

Activation  of  easpases  and  PARP  by  translocation  of 
cyt  c  from  mitochondria  to  the  cytosol  is  one  of  the 
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Figure  5  Western  blotting  was  used  to  analyse  cyt  c  release  from  mitochondria  to  cytosol  in  Ad-CACNA2D2-transduced  cells,  (a) 
Western  blot  of  cyt  c  in  CACN-transduced  A549  and  H460  cells.  Cells  were  transduced  with  adenoviral  vectors  at  an  MOI  of  2500 vp/c 
for  A549  and  MOI  of  4000  vp/c  for  H460  for  48  h,  and  untreated  (PBS)  (lanes  1  and  4)  and  Ad-LacZ  (LacZ)-transduced  (lanes  2  and  5) 
cells  were  used  as  controls.  Immunoblotting  for  cyt  c  was  performed  in  fractionated  lysates  of  mitochondria  (lanes  1-6)  and  cytosol 
(lanes  7-12).  Immunoblots  of  COX  IV  (I)  were  used  as  a  mitochondria  enzyme  marker  and  $-actin  as  an  internal  loading  control,  (b) 
Time  course  of  cyt  c  release  in  Ad-CACNA2D2-transdueed  A549  cells,  (c)  Immunofluorescence  image  analysis  of  the  subcellular 
rearrangement  of  mitochondria  and  translocation  of  cyt  c  in  Ad-CACNA2D2-transduced  A549  cells.  Mitochondria  were  probed  with 
an  FITC-labeled  cyt  c  antibody  (green)  and  the  nucleus  was  counterstained  with  PI  (red),  (d)  Timetable  of  induction  of  apoptosis  in 
Ad-CACNA2D2-transduced  A459  cells  by  F  ACS  analysis  with  PI  staining  for  DNA  content.  The  percentage  of  induction  of  apoptosis 
was  indicated  by  the  increase  of  the  SubGo-Gj  cell  populations  (shown  by  a  bar  in  each  plot) 
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events  that  establishes  the  mitochondrion  as  an  im¬ 
portant  regulator  of  cell  life  and  death  (von  Ahsen  et  ah , 
2000;  Martinou  and  Green,  2001).  Western  blot  analysis 
was  performed  to  evaluate  the  activation  of  caspase  3 
and  PARP  downstream  of  the  mitochondria-mediated 
apoptotic  pathway  (Figure  6).  The  activation  of  both 
apoptotic  executioners,  caspase  3  (Figure  6a)  and  PARP 
(Figure  6b),  was  detected  in  Ad-CACNA2D2-trans- 
duced  H460  and  A549  cells,  as  demonstrated  by  the 
cleaved  fragments  of  the  procaspase3  and  pro-PARP  on 


the  Western  blot  (Figure  6).  These  results  provide 
further  evidence  that  CACNA2D2-mediated  apoptosis 
occurs  via  the  mitochondrion. 


Discussion 

The  protein  product  of  the  recently  cloned  CACNA2D2 
gene  is  structurally  related  to  the  a2<52  auxiliary  subunit 
of  the  voltage-activated  calcium  channel  (VACC) 
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Figure  6  Downstream  caspase  3  and  PARP  are  activated  by  ectopic  expression  of  the  CACNA2D2  gene,  (a)  Western  blot  analysis  of 
caspase  3.  The  whole  cell  lysate  was  prepared  from  Ad-CACNA2D2  (CACN)-transdueed  H46G  cells  (lanes  1-3)  at  an  MOI  of  4000  vp/ 
c  and  A549  (lanes  5  and  6)  ceils  at  an  MOI  of  2500  vp/c  after  72  h  of  transduction,  and  untreated  (PBS)  and  Ad-LacZ  (LacZ)-  or  Ad- 
p53  (p53)-transdueed  ceils  were  used  as  controls.  The  cleaved  proeaspase  3  was  indicated  by  an  arrow,  (b)  Western  blot  analysis  of 
PARP.  Cells  were  transduced  by  Ad-CACNA2D2  (CACN)  at  the  same  MOI  as  described  in  a  for  each  cell  line.  The  cleaved  PARP  is 
indicated  by  the  immunobiotting  complexes  of  about  85kDa.  $-actin  was  used  as  an  internal  loading  control 
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protein  complex  (Angeloni  etal,  2000;  Gao  et  al ,  2000). 
Various  VACC  protein  subunits  such  as  the  pore¬ 
forming  al  unit  and  the  auxiliary  ^  y,  and  alb  subunits 
have  been  identified  and  partially  characterized  (Singer 
et  al,  1991;  Castellano  et  al .,  1993;  Brown  and  Gee, 
1998;  Burgess  et  al ,  1999;  Felix,  1999,  Hofmann  et  al , 
1999;  Varadi  et  al,  1999;  Catterall,  2000;  Lacinova  et  al, 
2000),  The  albl  subunit  (CACNA2D2)  of  VACC  is  a 
regulatory  subunit  (Gao  et  al ,  2000).  Mutation  of  this 
gene  has  been  found  to  lead  to  a  phenotype  character¬ 
ized  by  epilepsy,  ataxia,  and  alterations  of  calcium 
currents  in  cerebellar  cells  in  mice,  which  is  ultimately 
fatal  (Barclay  et  al ,  2001).  Although  the  exact 
physiological  function  of  CACNA2D2  in  nonexcitable 
cells  remains  unknown,  functional  studies  of  CAC- 
NA2D2  have  revealed  that  the  activity  of  CACNA2D2 
protein  may  alter  the  conductance  properties  of  the 
pore-forming  al  unit  as  well  as  their  membrane 
trafficking  and,  therefore  dynamically  regulates  Ca2+ 
current  through  the  VACC  (Gao  et  al ,  2000;  Hobom 
etal,  2000;  Hurley  et  al ,  2000;  Klugbauer  et  al ,  1999). 
The  very  frequent  and  early  loss  of  expression  of 
CACNA2D2  together  with  a  subset  of  genes  in  the 
3p21 .3  homozygous  deletion  region  of  human  chromo¬ 
some  3  in  human  lung  and  breast  cancers  suggest  a  link 
between  the  CACNA2D2  and  the  regulation  of  pro¬ 
liferation  and  cell  death  in  lung  cancer  pathogenesis, 
possibly  through  the  regulation  of  the  VACC-mediated 
Ca2+  influx  (Angeloni  et  al ,  2000;  Gao  et  al,  2000; 
Lerman  and  Minna,  2000).  However,  no  direct  evidence 
has  been  presented  for  this  link.  In  this  study,  we 
focused  on  CACNA2D2-mediated  apoptosis  by  adeno¬ 
viral  vector-mediated  ectopic  expression  of  the  wt- 


CACNA2D2  gene  in  the  CAC-NA2D2-deficient  NSCLC 
cells.  We  presented  indirect  evidence  to  link  the 
CACNA2D2-mediated  apoptosis  with  the  regulation 
of  the  intracellular  calcium  content,  interruption  of 
mitochondria  membrane  integrity,  and  activation  of 
downstream  caspases. 

Inhibition  of  tumor  cell  growth  by  ectopic  expression 
of  CACNA2D2  is  concomitant  with  induction  of 
apoptosis  in  these  Ad-CACNA2D2-transduced  NSCLC 
cells.  A  significant  induction  of  apoptosis  was  observed 
48  h  after  transduction.  The  cell  lines  most  sensitive  to 
CACNA2D2-induced  apoptosis  were  A549  and  H460, 
which  contain  a  wt-p53  gene  and  are  generally  resistant 
to  either  the  transduction  of  adenoviral  vectors  or  to  wt- 
p53-mediated  cell  death.  Ad-CACNA2D2-transduced 
H358  cells,  which  carry  a  mutated  p53  gene,  showed 
remarkable  inhibition  of  cell  growth  but  no  significant 
induction  of  apoptosis.  HI 299  cells,  which  are  p53-null, 
were  the  most  resistant  to  CACNA2D2-indueed  growth 
inhibition  and  apoptosis  in  vitro  and  in  vivo.  These 
results  suggest  a  possible  association  of  the  CAC- 
NA2D2-mediated  apoptosis  with  the  activities  of  wt- 
p53,  which  is  very  interesting  and  needs  to  be  explored 
further. 

Based  on  the  evidence  that  the  activity  of  CAC- 
NA2D2  dynamically  regulates  Ca2+  currents  in  L-  and 
T-tvpe  calcium  channels  (Klugbauer  et  al,  1999;  Gao 
et  al,  2000;  Hobom  et  al,  2000;  Hurley  et  al,  2000),  we 
expected  that  overexpression  of  CACNA2D2  might 
result  in  an  increase  in  the  level  of  cytosolic  Ca2+  influx. 
A  significant  increase  in  the  basal  level  of  the 
intracellular  free  Ca2+  was  indeed  detected  in  Ad- 
CACNA2D2-transduced  H460  and  A549  cells  using 
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sensitive  free-Ca2+ -specific  Fluo3-AM  staining  in  a 
semiquantitative  manner.  Several  factors,  however, 
hinder  the  accurate  determination  of  the  kinetic  events 
of  the  modulation  of  Ca2+  influx  influenced  by  the 
adenoviral  vector-mediated  transient  expression  of 
CACNA2D2  protein.  Gradual  expression  of  the  CAC- 
NA2D2  subunit  after  24  h  of  transduction,  would  cause 
the  modulation  of  intracellular  Ca2+  influx  with  time. 
Since  Ca2’  is  a  multivalent  messenger,  several  cytosolic 
Ca2+  binding  proteins,  such  as  calmodulin,  can  bind  to 
the  free  Ca2+  to  execute  downstream  effects  on  cellular 
processes,  which  would  significantly  reduce  the  avail¬ 
ability  of  free  Ca2+;  other  Ca2+  effectors  or  mediators, 
such  as  calbindin-D,  parvalbumin,  and  calretinin,  can 
buffer  the  cytosolic  increases  of  Ca2+  (Berridge  et  al., 
1998,  2000).  Furthermore,  Ca2+  signals  have  a  wide 
range  of  spatial  and  temporal  distribution  and  so  are 
capable  of  conveying  signals  in  a  very  complex  way 
iLemasters  etnl .„  1998;  Berridge  et  al,  2000;  Zfiu  e/.  g.1. 
2000).  Together,  these  factors  make  it  difficult  to  detect 
even  the  global  Ca2  +  oscillations  in  our  experimental 
setting;  therefore,  our  data  may  not  represent  the 
accurate  dynamic  changes  of  intracellular  Ca2+  contents 
and  influx. 

Mitochondria  play  a  major  role  in  apoptosis  triggered 
by  many  stimuli.  Disruption  and  permeation  of  the 
mitochondria  membrane  are  general  phenomena  asso¬ 
ciated  with  the  processes  of  apoptosis  and  necrotic  cell 
death  (Kroemer  and  Reed,  2000,  Vieira  et  al,  2000).  An 
excessive  mitochondria  Ca2+  influx  has  been  suggested 
to  be  a  potent  cell  death  stimulus  leading  to  mitochon¬ 
dria  membrane  depolarization  and  cyt  c  release  (Reed 
and  Kroemer,  2000;  Vieira  et  al,  2000).  Activation  of 
easpases  by  translocation  of  cyt  c  from  mitochondria  to 
the  cytosol  is  a  downstream  event  through  which  the 
mitochondrion’s  role  as  a  regulator  of  cell  life  and  death 
has  become  unquestioned  (Chen  et  al,  2000;  von  Ahsen 
et  al,  2000;  Martinou  and  Green,  2001).  We  demon¬ 
strated  that  ectopic  expression  of  CACNA2D2  was 
associated  with  the  accumulation  of  intracellular  free 
Ca2+  and  the  collapse  of  the  mitochondria  membrane 
potential  prior  to  cyt  c  release  and  nuclear  apoptotic 
changes,  suggesting  a  physiological  effect  of  CAC- 
NA2D2  activity  in  regulating  cell  survival  by  indirectly 
altering  the  mitochondria  membrane  integrity  in  con¬ 
comitance  with  cytosolic  Ca2+  increase.  Rupture  of  the 
outer  membrane  results  in  the  release  of  many  proteins 
such  as  cyt  c  and  some  easpases  (Desagher  and 
Martinou,  2000).  However,  whether  this  is  the  result 
of  a  direct  effect  of  the  CACNA2D2-mediated  Ca2+ 
oscillations  on  mitochondria  permeability  needs  to  be 
further  investigated.  It  would  also  be  interesting  to 
explore  the  CACNA2D2-mediated  Ca2+ -signaling  path¬ 
ways  involved  in  activation  of  the  proapoptotic  media¬ 
tors  such  as  Bad  and  Bax  and  inactivation  of  the 
antiapoptotic  factors  such  as  Bcl-2  and  Bclx  that  convey 
the  apoptotic  signal  to  the  mitochondrion  (Gross  et  al, 
1999;  Vieira  et  al,  2000;  von  Ahsen  et  al,  2000). 

Together,  our  results  suggest  that  ectopic  expression 
of  CACNA2D2  is  capable  of  inducing  apoptosis  in 
several  NSCLC  cell  lines.  IJie  induction  of  apoptosis  by 


CACNA2D2  activity  is  associated  with  the  regulation  of 
cytosolic  Ca2+  contents  and  the  activation  of  the 
mitochondria  pathway.  Further  identification  of  the 
physiological  functions  of  CACNA2D2  in  unexcitable 
cells  such  as  normal  bronchial  epithelial  cells,  the 
evaluation  of  the  cellular. modulation  of  endogenous 
and  exogenous  expression  of  CACNA2D2  in  response 
to  environmental  stimuli  such  as  DNA-damaging  agents 
and  oncogene  activities  in  normal  and  tumor  cells,  and 
the  characterization  of  the  effects  of  CACNA2D2 
activity  on  both  L-  and  T-type  calcium  channels  in  the 
presence  and  absence  of  selective  inhibitors  of  the 
various  VACC  subtypes  will  provide  us  insight  into 
the  molecular  mechanisms  in  the  CACNA2D2-mediated 
regulation  of  cell  proliferation  and  cell  death  in  the 
pathogenesis  of  lung  cancers  and  other  human  cancers. 


Materials  andmettrode  ,  .....  ,  ...  ,  ...  .  * . 

Cell  lines  and  cell  culture 

Four  human  NSCLC  cell  lines,  A549  (homozygous  for 
multiple  3p2L3  markers  and  wt-p53),  NCI-H1299  (homo¬ 
zygous  for  multiple  3p21,3  markers  and  homozygous  deletion 
of  p53),  NCI-H358  (retained  heterozygosity  of  multiple  3p2L3 
markers  and  homozygous  deletion  of  p53),  and  NCI-H460 
(homozygous  for  multiple  3p21.3  markers  and  wt«p53),  with 
varied  3p21.3  and  p53  gene  status,  and  a  normal  human 
bronchial  epithelial  cell  line  (HBEQ  or  fibroblast  cells  were 
used  for  in  vitro  experiments.  The  multiple  3p21.3  markers 
located  in  the  630  kb  region  used  for  this  analysis  were 
described  previously  (Fondon  et  al 1998).  The  A549  line  was 
maintained  in  Ham’s  FI 2  medium  supplemented  with  10% 
fetal  calf  serum.  The  HI 299,  H358,  and  H460  lines  were 
maintained  in  RPMI-1640  medium  supplemented  with  10% 
fetal  calf  serum  and  5%  glutamine. 

Recombinant  adenoviral  vectors 

The  recombinant  Ad-CACNA2D2  was  constructed  using  our 
recently  developed  ligation-mediated  plasmid  adenovirus 
vector  construction  system,  named  herein  pAd-RAP  and 
pAd-RAP-Shuttle.  The  CACNA2D2  was  assembled  as  a 
mammalian  gene  expression  cassette  that  is  driven  by  a 
CMV  promoter  and  tailed  with  a  bovine  growth  hormone 
(BGH)  poly  (A)  signal  sequence.  Sequences  of  the  CAC- 
NA2D2  gene  in  the  viral  vectors  were  confirmed  by  automated 
DNA  sequencing.  A  vector  expressing  the  GFP  (green 
fluorescence  protein)  gene  (Ad-GFP)  and  a  vector  carrying 
the  /S-galactosidase  gene  LacZ  (Ad-LacZ)  were  used  to 
monitor  the  efficiency  of  transduction  by  the  viral  vectors 
and  as  nonspecific  transgene  expression  controls.  Ad-EY»  an 
empty  El-deleted  vector,  was  used  as  a  negative  control;  Ad- 
p53,  a  vector  containing  the  wt -p53  gene,  was  used  as  a 
positive  control  for  tumor  suppression. ,  Viral  titers  were 
determined  by  both  optical  density  measurement  (I.e,  vp/ml) 
and  plaque  assay  (i.e,  plaque-forming  units  (PFU)/ml). 

Animal  experiments 

All  animals  were  maintained  and  animal  experiments  were 
performed  under  NIH  and  institutional  guidelines  established 
for  the  Animal  Core  Facility  at  the  University  of  Texas  MD 
Anderson  Cancer  Center.  Procedures  for  H460  subcutaneous 
tumor  inoculations  in  nujnu  mice  were  described  previously 
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(Ji  et  u/,,  1999),  When  the  average  tumor  size  reaches  about 
0,5  cm  in  diameter,  mice  were  injected  intratumorally  three 
times  within  a  week  with  Ad-CACNA2D2  and  control  vectors 
at  a  dose  of  3  x  1010PFU  (3  x  1032vp)/tumor  in  a  volume  of 
0.2  ml.  Differences  in  tumor  volumes  between  treatment  groups 
were  analysed  with  a  mixed  model  ANOVA  using  the  Statistiea 
software  (StatSoft  Inc.,  Tulsa,  OK,  USA).  A  difference  was 
considered  to  be  statistically  significant  when  P  —  0.05. 


Analysis  of  CACNA2D2  gene  Expression  by  RT-PCR 

Total  RNA  samples  were  isolated  from  Ad-CACNA2D2- 
transduced  tumor  cells  using  TRIZOL  reagent  (Life  Technol¬ 
ogies,  Grand  Island,  NY,  USA)  as  instructed  by  the 
manufacturer.  The  RT  reaction  was  performed  using  a  reverse 
transcription  kit  with  the  oligo-d(T)16  as  a  primer  under  the 
conditions  recommended  by  the  manufacturer  (Perkin-Elmer 
Applied  Biosystems,  Foster  City,  CA,  USA).  The  RT-PCR 
products  amplified  with  human  total  RNA  as  a  template  and 
glvceraldehyde  A^phosphate  dehydrogenase  (GAPDH)  pri 
mers  were  used  as  an  internal  control.  The  primers  for 
CACNA2D2  were  5l  G  ACT  G  ACC  A  AC  ACC  ACT  CTTCTC 
(sense,  within  CACNA2D2  cDNA)  and 
5/CT  CAT  CGT  ACCT  CA  GCTCCTT  CC  (antisense,  within 
the  BGH  poly  (A)  signaling  region).  The  PCR  was  performed 
using  an  AmpliTaq  PCR  Kit  and  a  9600  PCR  instrument 
according  to  the  manufacturer’s  instructions  (Perkin-Elmer 
Applied  Biosystems). 


Cell  viability  assay 

Inhibition  of  tumor  cell  growth  by  treatment  with  Ad- 
CACNA2D2  and  control  vectors  was  analysed  by  quantita¬ 
tively  determining  cell  viability  using  an  improved  XTT  assay 
(Roche  Molecular  Biochemicals,  Indianapolis,  IN,  USA). 
Briefly,  cells  were  plated  in  96-well  microtiter  plates  at 
1  x  103  cells/well  in  100  p\  of  medium.  One  day  after  the  cells 
were  plated,  a  100-/d  aliquot  of  medium  containing  individual 
adenoviral  vectors  at  various  multiplicities  of  Infection  MOI  In 
units  of  vp/cell  (vp/c)  was  placed  into  each  sample  well,  and 
phosphate-buffered  saline  (PBS),  Ad-EV,  Ad-LacZ,  and 
Adp53  were  added  as  controls.  On  designated  sampling  days 
after  transduction,  cell  growth  and  viability  were  quantified  by 
XTT  assay  as  described  previously  (Nishizaki  et  al. ,  2001).  The 
percentage  of  cell  viability  was  calculated  in  terms  of  the 
absorbency  of  treated  cells  relative  to  the  absorbency  of 
untreated  control  cells.  Experiments  were  repeated  at  least 
three  times  with  quadruplicate  samples  for  each  treatment  in 
each  individual  experiment. 


Analysis  of  apoptosis  and  cell  cycle  kinetics 

Induction  of  apoptosis  in  tumor  cells  treated  with  various 
adenoviral  vectors  was  analysed  by  flow  cytometry  (FACS) 
using  terminal  deoxynucleotidyl  transferase-mediated  dUTP 
nickend  labeling  (TUNEL)  reaction  with  fluorescein  (FITC)- 
labeled  dUTP  (Roche  Molecular  Biochemicals,  Mannheim, 
Germany).  Briefly,  cells  were  plated  in  six-well  plates 
(1  x  106  cells/ well)  and  treated  by  various  Ad-CACNA2D2 
vectors;  PBS,  Ad-EV,  Ad-LacZ,  and  Adp53  were  used  as 
controls.  At  designated  times  after  transduction,  cells  were 
harvested  and  washed  in  PBS.  Cells  were  processed  for  FACS 
analysis  to  determine  apoptosis  and  cell  cycle  kinetics  as 
described  previously  (Ji  et  ai,  1999). 


Measurement  of  cytosolic  free  calcium 

The  intracellular  free  Ca2+  was  measured  by  FACS  and 
fluorescence  image  analysis  with  free-Ca2+ -sensitive  Fluo3- 
AM  green  fluorescent  staining  (Molecular  Probes,  Eugene, 
OR,  USA)  in  Ad-CACNA2D2-transduced  A549  and  H460 
cells.  Cells  were  cultured  in  100  mm  dishes  at  about  5  x  106 
cells/dish  and  transduced  with  adenoviral  vectors  at  varied 
MOIs,  After  24  and  48  h  of  transduction,  cells  were  collected 
and  washed  once  with  1  x  HBSS  supplemented  with  1  him 
Ca2A  ImM  Mg2U  and  1%  fetal  bovine  serum  (FBS).  The 
Fluo3-AM  stock  solution  was  prepared  by  first  dissolving 
50  p%  of  Fluo3-AM  dye  in  20  pi  of  DMSO  containing  20%  of 
the  detergent  Fluronic  F-127  (Molecular  Probes)  and  then 
mixing  it  with  117/d  of  FBS.  The  cells  were  resuspended  in 
1  ml  of  HBSS  containing  the  Fluo3-AM  dye  in  a  final 
concentration  of  2,5-5.0/^g/ml,  depending  on  the  cell  type. 
The  anion  carrier  inhibitor  probenecid  was  added  at  a  final 
concentration  of  4  him  to  minimize  the  dye  leakage.  The  cells 
were  incubated  for  45  min  at  room  temperature  on  an  orbital 
shaker  in  the  dark.  Cells  were  spun  down  by  centrifugation  for 
*5  mm  at  1 500 V.p.m. ’arTd^wa’shed  once' with  HBSS.  Cells  were  ~ 
gently  resuspended  in  HBSS  containing  4mM  of  probenecid 
and  then  incubated  for  20  min  in  the  dark  to  allow  cellular 
esterases  to  cleave  the  acetoxymethyl  group  of  Fluo3-AM, 
Fluorescence  intensity  in  the  stained  cells  was  measured  by 
FACS  analysis  at  an  excitation  wavelength  of  488  nm  and  an 
emission  wavelength  of  530  nm.  Experiments  were  performed 
three  times  independently.  To  evaluate  the  conditions  of  dye 
loading,  2pg  of  ionomycin,  an  ionophoric  antibiotic  synthe¬ 
sized  by  Streptomyces  conglobatus  sp.  (Calbiochem,  Fremont, 
CA,  USA),  was  added  to  each  of  the  cell  samples  in  a  separate 
tube,  and  the  dynamic  fluorescence  emission  was  measured  by 
FACS  after  baseline  fluorescence  was  assessed.  For  fluores¬ 
cence  imaging  analysis  of  FIuo3-AM  stained  cells,  the  cells 
were  cultured  in  chamber  slides  (Falcon),  and  then  treated  and 
stained  with  Fluo3-AM  with  the  same  procedure  as  was 
described  for  FACS  analysis.  The  stained  cells  were  examined 
under  a  microscope  (Nikon  Labophot  2)  equipped  with  a 
digital  camera  (Nikon  DMX1200,  Tokyo,  Japan)  and  the 
analysis  software  (Nikon  ACT-1  V2.0). 

Analysis  of  mitochondria  membrane  potential  by  FACS  with 
JC-1  staining 

Changes  in  mitochondria  membrane  potential  in  adenoviral 
vector-transduced  cells  were  measured  by  flow  cytometry  with 
J  C-l  (S^jfijfiLtetrachloro-l ,  P3,3Ltetraethylbenzimidazolyl- 
carbocyanine  iodide)  staining  (Molecular  Probes,  Eugene, 
OR,  USA).  JC-1  exists  as  a  monomer  at  low  concentrations  or 
at  low  membrane  potential  and  emits  green  fluorescence  at 
527  nm.  However,  at  higher  concentrations  or  higher  mem¬ 
brane  potentials,  JC-1  forms  J-aggregates  and  emits  maximum 
red  fluorescence  at  ~  590  nm.  The  measurement  of  the  ratio  of 
the  red  to  green  JC-1  fluorescence  in  cells  by  flow  cytometry  is 
a  sensitive  and  specific  method  for  monitoring  changes  in 
mitochondria  potential  in  living  cells  during  induction  of 
apoptosis  by  various  agents  (Ankarcrona  et  al ,  1995; 
Cossarizza  et  al. ,  1995),  Cells  were  cultured  In  six-well  plates 
and,  after  reaching  ~  70%*  confluence,  transduced  with  various 
adenoviral  vectors  at  varied  MOIs.  Cells  were  collected  by 
centrifugation  for  5  min  at  2000r.p.m.  at  4°C  and  resuspended 
in  complete  medium  containing  10  mg/ml  JC-1  at  a  density  of 
5  x  105  cells/ml.  The  cells  were  Incubated  for  10  min  at  room 
temperature  in  the  dark,  washed  twice  with  cold  PBS, 
resuspended  in  400  ml  of  PBS,  and  analysed  immediately  by 
flow  cytometry. 
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For  in  situ  fluorescent  staining  with  JC-1,  cells  were  cultured 
in  chamber  slides.  At  designated  time  points,  the  medium  was 
removed  and  the  cells  incubated  in  reduced  serum  Opti-MEM- 

1  medium  (GIBCO  BRL,  Grand  Island,  NY,  USA)  containing 
10/ig/ml  of  JC-1  for  10  min  in  the  dark.  After  washing  and  air¬ 
drying,  stained  cells  were  immediately  examined  by  fluores¬ 
cence  microscopy. 

Western  blot  analysis 

Western  blot  analysis  was  performed  to  evaluate  the  expres¬ 
sion  of  CACNA2D2  protein,  the  release  of  cyt  c,  activation  of 
caspase  3  and  PARP,  and  other  protein  expression  in  Ad- 
CACNA2D2  and  control  vector-transduced  cells.  For  the 
preparation  of  crude  cell  lysates,  cells  were  suspended  in  SDS- 
PAGE  running  buffer  containing  a  complete  set  of  proteinase 
inhibitors  (Roche  Molecular  Biochemials,  Mannheim,  Ger¬ 
many)  and  lysed  for  20  min  at  4°C.  -Cell  lysates  were  passed 
through  a  25-gauge  needle  and  briefly  sonicated  twice  for  30  s. 
For  cyt  c  analysis,  cell  fractionation  was  performed  to  separate 
.Wi|ocjippd0a”en,p.cjj^d Jracfiops,.  frqm  jcvtqsql  fractions  using  . 
an  Apo-Alert  Cell  Fractionation  Kit  (CIonTech,  Palo  Alto, 
CA,  USA)  according  to  the  manufacturer’s  instructions. 
Fractionated  cell  lysates  were  kept  in  equal  volume  in 

2  x  lysis  buffer  supplemented  with  62.5  mM  urea.  Protein 
concentrations  were  assayed  using  the  Bio-Rad  protein  assay 
reagent  (Bio-Rad  Laboratories,  Hercules,  CA,  USA).  The 
crude  cell  lysates  (about  50  pg)  were  used  in  standard  SDS- 
PAGE  and  Western  blot  analysis. 

Immunofluorescence  staining 

Immunofluorescence  staining  was  performed  in  cells  cultured 
in  chamber  slides.  At  designated  time  points,  the  cells  were 
washed  twice  with  cold  PBS  fixed  in  4%  paraformaldehyde  for 
15  min  at  4°C  and  made  permeable  by  incubation  for  5  min  in  a 
solution  containing  0.1%  Triton  X-100  and  0.1%  sodium 
citrate.  The  cells  were  incubated  with  the  primary  monoclonal 
mouse  anti-cyt  C  antibody  for  60  min  at  37°C,  and  after 
washing  were  incubated  with  the  FITC-labeled  secondary 
rabbit  anti-mouse  IgG  antibodies  for  60  min.  After  three 
washing  steps  in  0.1%  Tween  20-PBS  solution  and  air-drying, 
the  slides  were  mounted  with  aqueous  mounting  medium 
containing  50  /ig/ml  of  PI  for  nuclear  staining  and  immediately 
examined  under  a  fluorescence  microscope. 
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All  the  experiments  were  repeated  at  least  two  times  with 
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ADP,  adenosinediphosphate;  CACNA2D2,  calcium-channel 
alfa-2-delta-2  subunit;  COX  IV  (I),  cytochrome  oxidase  IV 
subunit  I;  cyt  C,  cytochrome  C;  DAPK,  death-associated 
protein  kinase;  DMSO,  dimethylsulfoxide;  FBS,  fetal  bovine 
serum;  HBSS,  Hanks  balanced  saline  solution;  MOI,  multi¬ 
plicity  of  infection;  NSCLC,  non-small  cell  lung  cancer; 
PARP,  poly’  ADP-ribose  polymerase;  PI,  propidiumiodide; 
TUNEL,  terminal  deoxynucleotidyl  transferase-mediated 
dUTP  nick-end  labeling;  VACC,  voltage-activated  calcium 
channel;  XTT,  sodium  3,3'-{  1  -[(pheny]amino)carbonyl]-3.4- 
tetrazoiium}-6is(4-methoky-6^nitro)-behzerie  sultohic  acid  hy¬ 
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